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Preface

The field conference for which this memoir is compiled
was sponsored by the Society of Economic Geologists. At a
meeting of the Council of the Society in the fall of 1961, it
was decided to hold a Uranium Field Conference in the
Grants region of New Mexico, and | was asked to proceed
with arrangements. The conference appears to have been con-
ceived by Charles F. Park, Jr., and James P. Pollock, for in a
letter of June 15, 1961, to Mr. Park, Mr. Pollock outlined in
considerable detail the fine opportunities for such a field trip
and conference. The final arrangements and scheduling turned
out to be essentially those of the original proposal.

In the beginning, a guidebook of road logs and short papers
was considered for the occasion. However, because there already
exist several guidebooks for the area, it was decided to assemble
only papers. (Guidebooks with road logs and general geologic
papers of the area are as follows:

Guidebook of the south and west sides of the San Juan
Basin, New Mexico and Arizona, Second Field Con-
ference, New Mexico Geological Society, 1951.

Road log from Albuquerque, New Mexico, to Grants
Uranium district, Rocky Mountain Section, Geological
Society of America and New Mexico Geological
Society, 1956.

Geology of southwestern San Juan Basin, Second Field
Conference, Four Corners Geological Society, 1957.

These publications contain numerous references to other geologic
literature of the area.)

In the compilation of this memoir, an effort was made to
get as many papers as possible from people who have worked
recently in the area. An effort was also made to include most
phases of the economic geology and related subjects. Thus,
papers on mining and safety bring out special problems re-
lated to lithology, ground water, ore body forms, and depth of
mining. A paper on milling not only outlines the special
uranium processes but also points up the relationships to ore
and rock compositions. Papers on ground water are included,
but a significant paper on waste disposal problems was lost
by a late personnel shift in the district. Several papers
describe the unusual growth of and exploration in the district.

The Grants Uranium Region, as used for this memoir, in-
cludes the entire area of deposits from Gallup on the west to
the western edge of the Rio Grande trough on the east, a dis-
tance of about r r o miles. The region is also referred to as
the Grants mineral belt. Neither favorable host rocks nor
deposits are continuous throughout this distance, but there
are several places where special stratigraphy or structure has
resulted in large accumulations of uranium in areas of
favorable exposures. The principal areas, from west to east,
are Gallup, Churchrock, Smith Lake, Ambrosia Lake, Grants,
and Paguate or Jackpile. These areas are grouped into three
mining districts: Gallup, Grants, and Laguna.

The Grants region experienced phenomenal development,
growing from practically nothing in 1951 to a position of great
national importance by 1955. There are several stories

about the discoveries that culminated in the big development
of the early fifties. Paddy Martinez, an Indian, is generally
credited with bringing in the "find" that triggered the rush
and boom in 1951. However, | am sure that many of the "old
timers" in the Grants and Gallup districts were aware of the
uranium minerals long before. As one who almost rates the
"old timer" tag, | like to recall the winter of 1937 when I
often partook of the fine family-style meals at Mrs. White-
sides' cafe in Grants. Mr. Whitesides, a prospector at times,
had recently passed away. Mrs. Whitesides often brought
samples from her husband's collection for me to see, and on
one occasion it was a good-sized, canary-yellow sample
which | identified as carnotite and added, ironically, "it has
no value." Again, about 1950, a very large prospector who
came to see me about things in general and some of the old
days in particular related how he and others prospected the
carnotite beds near Gallup about 1920. It is also reported that
federal geologists had examined reported deposits in the
Grants district in the early forties. No one really knows who
first discovered the Grants uranium, and it is possible that
before the white man, the Indians used it locally for pigment.
It really is not surprising that such abundant stuff was known
by many before 1951.

Numerous minerals are mentioned or described, and not
including the common rock minerals, they number some 76 in
this memoir.

The Todilto Limestone deposits and Anaconda's Jackpile
sandstone deposit were discovered for mining in 1951. The
rapid rise of the Grants district was presaged by the quick
completion of the Bluewater limestone mill in 1953. By 1954,
as many as 16 producers were shipping to the mill. In 1955,
the subsurface Ambrosia Lake—Westwater Canyon deposits
were discovered, and Anaconda's sandstone mill was com-
pleted. By 1956, New Mexico's mining of uranium ore had
risen to 1,105,000 tons valued at $24,086,000, and the Atomic
Energy Commission credited New Mexico with 41 million
tons of uranium ore reserves, or two thirds of the U.S. total. In
early 1958, the first of the Ambrosia Lake sandstone mills was
put into operation. By 1959, nearly all the State's prodution
(3,269,826 tons valued at $53,463,000) came from the Grants
region, and the reserves were estimated by the Atomic Energy
Commission at 55,000,000 tons, or 63 percent of the nation's
total. Also by 1959, the present six mills were well into
production with a rated capacity of 10,500 tons a day. The
Kermac mill alone in 1961 was credited with a U305 recovery
of nearly 20 percent of the U.S. total. The cost of these mills is
listed at about $62,4,44 000.

As General Chairman of the Conference, and on behalf of
the Society of Economic Geologists, | wish to express thanks
to the many authors who, often with full duties elsewhere,
rose so unhesitatingly to the task of preparing their papers. |
wish also to express appreciation to the administrative
personnel of the companies and institutions who encouraged
or aided the geologists in the submission of papers. In
particular, 1 wish to mention here Charles E. Anderson and
Hugh D. Miser of the U.S. Geological Survey; Allen E. Jones
and David D. Baker of the Grand Junction Operations Office,



2 NEW MEXICO BUREAU OF MINES AND MINERAL RESOURCES

U.S. Atomic Energy Commission; Albert J. Fitch of The Ana-
conda Company; J. L. Robison of Kermac Nuclear Fuels Cor-
portion; Langan Swent of Homestake—Sapin Partners; C. N.
Holmes of Phillips Petroleum Corporation; James P. Pollock
of Calumet and Hecla, Inc.; Robert Kirchman of KSN Com-
pany, Inc.; and Charles C. Towle of United Nuclear Cor-
poration.

Finally, there is a group of men to whom credit for many of
the papers and the general organization of the memoir and

conference must go. These men, constituting a steering
committee for the Conference, are David C. Arnold, Walter
Gould, Fred C. Hohne, Dale F. Kittel, Robert A. Laverty,
Paul E. Melancon, E. D. McLaughlin, Jr., Irving A. Rapa-
port, Ted M. Rizzi, John B. Squyres, and Charles C. Towle.

VINCENT C. KELLEY
General Chairman,
Uranium Field Conference



History of Exploration

PAUL E. MELANCON

INTRODUCTION

The rapid development and practical utilization of new ex-
ploration techniques and tools have played an important part
in the evolution of the Grants uranium region. Methods used
to explore for and define the deposits of the district included
rim walking with and without radiation detectors, radiometric
traverses, geobotanical sampling, airborne radiometric recon-
naissance using fixed-wing aircraft and helicopters, test pit-
ting, trenching, rim stripping, wagon drilling with percussion
drills, diamond-core drilling, rotary noncore drilling used in
conjunction with natural radioactivity and electric logging,
and extensive long-hole drilling from underground workings.
Each of the methods has been at least partially responsible for
the discovery of a mineable deposit.

DISCOVERY

Paddy Martinez, a Navajo Indian prospector, is responsible
for the discovery that was to develop into the most prolific
uranium-producing district in the world. Although his dis-
covery was made in 1950, uranium minerals that were known
to occur near Grants had been recognized in the early twenties
(Preface) and mapped on the outcrop in 1948 (Smith, 1954).
The minerals were given very little consideration at the time
because of their oddity and their apparently limited volume
and association with a limestone in 1948.

Martinez's tyuyamunite discovery was from a Todilto
Limestone outcrop in sec. 19, T. 13 N., R. 10 W. at the base
of Haystack Butte on property owned by the Santa Fe Pacific
Railway Company, a land-owning subsidiary of the Atchison,
Topeka, and Santa Fe Railway Company. The railway estab-
lished a mining subsidiary, Haystack Mountain Development
Company, and initiated an extensive evaluation and explora-
tion program. They were soon joined by The Anaconda Com-
pany and many local individuals.

Uranium has since been found in commercially important
quantities in the Dakota Sandstone and in the Brushy Basin
Shale and Westwater Canyon Members of the Morrison
Formation.

Reconnaissance mapping of the Jurassic outcrops from
Grants to Gallup was undertaken by the Denver Exploration
Branch of the U.S. Atomic Energy Commission in 1951, and
the results were quickly published in March 1952 (Rapaport,
Hadfield, and Olson, 1952) for use by parties interested in the
local search for uranium.

TODILTO LIMESTONE DEPOSITS

Exploration of the discovery area was undertaken by sinking 6
x 6-foot test pits on 100-foot centers through the Todilto
Limestone. Bulk samples from the pits were taken at two-foot
intervals, logged, crushed, sampled, and assayed (Towle and
Rapaport, 195z).

Test-pitting soon yielded to exploration by wagon drills.
Samples of the percussion drill cuttings were collected in
goatskin bags attached to a Tee in the surface casing. The

samples were radiometrically and chemically assayed for ura-
nium in Haystack Mountain Development Company's own
laboratory.

While evaluation of the odd-numbered sections extending
from Haystack Butte to the San Mateo road (New Mexico
Highway 53) was being carried out by the railway, The Ana-
conda Company was exploring the Todilto bench east of the
San Mateo road. In addition to test pits and wagon drills, Ana-
conda used trenches, rim stripping by bulldozers, and core
drills to explore for and to delineate deposits.

As physical exploration work proceeded, and the deposits
began to take shape, ideas concerning genesis and reasons for
localization were presented. One of the first geologic associa-
tions that received attention was the apparent relationship be-
tween uranium deposits and the broad, gentle warping indi-
cated by mapping the Todilto—Entrada contact along the rim
from Haystack Butte to the San Mateo road. Th_largest known
deposits_seemed to occur in the upwarped areas, while the
downwarped areas appeared to be less favorable. The areas of
relative favorability indicated by these observations were still
very large when compared to the size of the deposit being
developed.

Studies made by Ellsworth and Mirsky (1952) reduced the
size of the apparently favorable structures to fracturing and
folding that could be mapped from outcrops or information
from widely spaced drill holes on a single property. Intrafor-
mational folds were recognized at this time (Rapaport, Had-
field, and Olson; Ellsworth and Mirsky), but the role of these
features as important localizing structures was not yet fully
apparent. The eventual knowledge that these were important
localizing structures did little to aid exploration from the sur-
face because the folds have nearly the same areal extent as
the ore bodies.

At this same time, the possible source of the uranium was a
much discussed subject. The presence of fluorite and
barite together with abundant nearby volcanic activity suggested
to some a hydrothermal source. Others believed that the uranium
was leached from volcanic debris in the Brushy Basin Shale and
redeposited in the Todilto. The question is still without a
completely satisfactory answer.

As exploration depths began to exceed 150 feet, the wagon
drill was replaced by the rotary shot-hole drill. A tool that
proved to have great versatility, it could drill deeper, faster,
and at lower cost; it could be used to cut cores if necessary;
and either compressed air or water could be used as a
circulating medium to clear the cuttings from the hole.

common practice in drillin&on the Todilto bench is to use
water and ? ril ing mud whi'e penetrating the unconsolidated
blow sand, the" dry the hole and complete it using com-
pressed air. This method has several advantages, among them
the need to haul less drilling water, faster penetration rates
when using air, and cleaner, more reliable cuttings from the
Todilto.

With the introduction of the rotary drill and deeper drilling
came more extensive use of radioactivity logs as a means of
determining the tenor of mineralization cut by the drill
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holes. The first generally used equipment consisted of a
Geiger counter with a long cable; those manufactured by
Gordon Babbel were most common. The Geiger tube was
raised and lowered in the hole by a hand reel, and readings
taken every six inches or one foot at the operator's discretion.
An automatic recording device was eventually incorporated
into the equipment, but had very limited use in the Grants
district before it was replaced by the more sophisticated
truck-mounted logging equipment.

Exploration for and discovery of ore bodies in the Todilto is
still being successfully carried on in spite of the more glamorous
discoveries in the Morrison Formation.

MORRISON FORMATION DEPOSITS
POISON CANYON AREA

The initial uranium discovery in the Morrison Formation
was made in 1951 in sec. 19, T. 13 N., R. 9 W. in Poison
Canyon. The area derived its named from the deadly effect the
abundant "loco weed," Astragalus, had on cattle and sheep
entering the canyon. This selenium-absorbing weed was later
recognized as a ossible uide to uranium de osits (Cannon,
1953).

Soon after the Poison Canyon discovery, the Blue Peak
deposit was located high on the rim of the adjoining sec. 24,
T. 13 N., R. o W. It appears that this was a small remnant of
a much larger deposit that had been eroded away. The name
Poison Canyon sandstone was first applied to the unit in
which these ore bodies occurred. Although the name has
since been applied to similar sandstone units that occur in
the same stratigraphic position, 100 to 160 feet below the
base of the Dakota Sandstone, it is extremely doubtful that
all these units are actually continuations of the original.

An adit and connecting drifts driven into a small remnant
of Morrison sandstone lying south of the Dakota rim made
the Poison Canyon mine the first underground operation in
the Grants district. It was opened in 1951. Subsequent drilling
to the east delineated an ore body large enough to warrant
stripping some 50 feet of consolidated overburden. This
eastward extension has since been developed into the Poison
Canyon trend that now extends more than four miles to the
east, and contains the Mesa Top, Malpais, Dog, Flea, Doris,
and Marquez ore bodies.

LAGUNA DISTRICT

At this same time, The Anaconda Company was conduct-
ing an extensive airborne radiometric reconnaissance program
that resulted in the discovery north of Laguna, New Mexico,
of what has become the largest uranium mine in the world,
the Jackpile and associated ore bodies..

Initial exploration and development of the Jackpile was done
almost exclusively with core drills, and before the stripping
operation was decided upon, two adits were driven into the ore
body to check the drilling results. Bulk samples taken from the
tunnels and raises were put through the mill to test the
amenability of the ores.

The presence of a diabase sill in the ore body added a great
deal of the fuel to the h drothermal versus origin
controversies. Later etas e work dehmtely established that

the sill was later than (Hilpert and Moench, 1960).

AMBROSIA LAKE AREA

Louis Lothman became responsible for the initial uranium
discovery in the Ambrosia Lake area in the spring of 1955
when he found that cuttings from the Morrison section of an
abandoned oil test were radioactive. He then proceeded to drill
a test hole downdip and north of the abandoned drill site
(Birdseye, 1957). The wildcat hole encountered mineralization
in the Westwater Canyon Member of the Morrison Formation,
and the extensive drilling that followed established what was
to become the Dysart No. 1 ore body and first mine in the
Ambrosia Lake area.

The location of this discovery on the flank of the obvious
Ambrosia dome created more than a little interest in lands
surrounding the structure and sent geologists scurrying vainly in
search of similar structures. The structural association also
brought out many ideas concerning localization of the Ambrosia
Lake deposits (Birdseye; Zitting et al., 1957).

Since the amount of land immediately surrounding the
dome was limited, latecomers had to take leases and stake
claims on the remaining land along the Mancos bench.
Most of those that acquired land east of the Ambrosia dome
were well rewarded, and those to the west were generally
disappointed

*ploration activity reached its height during 1956 when more
than zoo drilling rigs were in operation in what is now the
Ambrosia Lake area. Noncore rotary drills made up the great
majority of the operating rigs. Conventional core drills were
used only to verify results obtained from natural radioactivity
logs of the open holes. Coring with the shot-hole drills soon
became perfected, and the core drills could no longer
economically compete.

During 1955, most of the radioactivity logs were made
with hand-operated equipment. The U.S. Atomic Energy
Commission made a valiant effort to log all the holes for
which it had requests with its truck-mounted scintillation
equipment, but the volume of work soon surpassed the
capacity of the equipment.

Kerr—McGee Qil Industries and Phillips Petroleum Com-
pany contracted with Century Geophysical Company to make
recorded logs of all their drill holes. Electric logs, resistivity,
and self-potential logs, soon were a part of the service, since
it was found that cuttings from holes drilled with water left
something to be desired when they were to be used for de-
tailed lithologic studies. The information obtainable has
proved most valuable in compiling subsurface geologic maps
and, more recently, in mine planning.

The problems encountered in learning to correctly interpret
radioactivity logs were manifold. Among them was the
method of establishing the interpretation curves. Correlations
were made by logging cored holes and constructing curves
from these comparisons. When the curves were checked from
property to property, they did not always compare well. At the
time, it was thought that uranium in the various deposits may
have reached different equilibrium ratios. It now appears that
the grade of the ore body being sampled was a more important
factor. If all the samples used in constructing a curve
contained more than 0.40 percent U30s, the resulting curve
was flatter; that is, a given grade was represented by fewer
counts per minute than if the samples were taken form the en-
tire grade range 0.10 to 1.00 percent U3Osg,0r concentrated in
the 0.15 to 0.35 percent U30g range. In practice, curves made
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from this latter group seem to provide the best correlation
when the estimated grades are compared with mined grades.

The opening of the mines brought new problems for the
geologist. Ore outlines made from exploration and develop-
ment drilling were based on drill holes spaced from 75 to Zoo
feet apart that were rarely surveyed for drift. Development
work in the early mines quickly established the need for the
drift surveys when the bottoms of drill holes were found as
much as 150 feet from the collar location.

It was soon found that ore outlines drawn from such widely
spaced drill holes were much too general for proper planning
of underground development. Ore sometimes went between
weakly mineralized or barren drill holes, and sometimes did
not extend from one ore hole to the next. All these factors
were responsible for the introduction of long-hole drilling
from the underground workings. This drilling is generally
done at regular intervals along the advancing sublevel
development drifts. Results of the drilling give better
definition of known ore, and verify or discount suspected
areas of favorability that come to light as the mines develop.

Many of the current ideas concerning the origin of the
uranium and reasons for its localization in the Ambrosia Lake
area will be found in succeeding papers.

DAKOTA SANDSTONE DEPOSITS

During the years 1951 to 1953, various prospectors dis-
covered what have proved to be small uranium deposits in
the Dakota Sandstone. The most prevalent of these was along
the Gallup hogback at the extreme western end of the dis-
trict. The Hogback No. 4 deposit occurred in a carbonaceous
shale near the base of the Dakota and was the only exploited
deposit of its kind in the district.

The Silver Spur mine north of Haystack Butte was one of the
earliest uranium producers in the district. This deposit

was also one of the first in which a relationship between the
uranium minerals and fractures was apparent.

CONCLUSION

Many old and some new geologic problems have been en-
countered in developing the Grants uranium region. Problems
concerning origin of the uranium and reasons for localization
of the deposits within the district are still largely unsolved.
Problems related to individual deposits have fared considerably
better.

Exploration geologists will most certainly find ways to uti-
lize elsewhere some of the special geologic tools and tech-
niques used in developing the Grants uranium region.
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Regional and Local Stratigraphy of
Uranium-Bearing Rocks

LOWELL S. HILPERT

INTRODUCTION

The Grants uranium region encompasses the two most pro-
ductive sedimentary uranium mining districts in the state,
Ambrosia Lake in the west, and Laguna in the east. U.S.
Highway 66 extends northwesterly through the southern part
of the area and the principal towns, Grants and Laguna, are
on the highway in the western and eastern parts, respectively.

This paper presents the regional stratigraphy of the ura-
nium-bearing rocks in the Grants region and the stratigraphic
relations between the Grants and Laguna districts.

GEOLOGIC SETTING

The Grants uranium belt is flanked on the north-northeast
by the San Juan Basin, on the east by the Rio Grande trough,
and on the south and west by the Acoma sag and the Zuni
uplift (Kelley, this memoir, fig. 1; Laverty et al., this memoir,
fig. i ). The sedimentary rocks exposed in the area range in
age from Pennsylvanian to Cretaceous and rest on the Pre-
cambrian core of the Zuni uplift. Associated intrusive and
extrusive rocks of the Mount Taylor and Zuni volcanic fields
are of Tertiary and Quaternary ages. Regional dip of the sedi-
mentary rocks is generally northward toward the San Juan
Basin, but it arcs from northeastward in the Grants district to
northwestward in the Laguna district. This regional attitude is
modified locally by normal faults and minor folds.

STRATIGRAPHY

Of the sedimentary rocks that are exposed in the area,
mineable uranium deposits are found only in those of Ju-
rassic and Cretaceous ages. These rocks are, in ascending
order, the Entrada Sandstone, Todilto Limestone, Summer-
ville Formation, and Bluff Sandstone of the San Rafael
Group, and the Morrison Formation, all of Late Jurassic age;
and the Dakota Sandstone, of Early and Late Cretaceous age
(table ). This sequence is about 1000 to 1500 feet thick and
rests on either the Wingate Sandstone of the Glen Canyon
Group or on the Chinle Formation, both of Late Triassic
age. The Morrison Formation and Todilto Limestone are de-
scribed and discussed in greater detail because they have
yielded nearly all the ore and probably contain more than 95
percent of the reserves.

ENTRADA SANDSTONE
NOMENCLATURE AND REGIONAL RELATIONS

The Entrada Sandstone is the lowermost uranium-bearing
unit and the basal formation of the San Rafael Group in the
Grants region. The formation was named from exposures in
the northern end of the San Rafael Swell, Utah (Gilluly and
Reeside, 1928). Later it was found to extend into northwest

ern New Mexico (Baker, Dane, and Reeside, 1936, p. 7-8, fig.
12) and, subsequently, was recognized by the U.S. Geological
Survey throughout most of the San Juan Basin area when it
was supposed that the upper part of the thick cliff-forming
sandstone north of Fort Wingate, called the Wingate Sand-
stone by Dutton (1885), could be correlated with the type
section of the Entrada and with widespread exposures of the
unit in Utah, Colorado, and northern New Mexico (Baker,
Dane, and Reeside, 1947). The name Entrada Sandstone was
therefore extended by the Survey to include the upper thick
sandstone at the type locality of the Wingate Sandstone and
the name Wingate was shifted to the sandstone below a
medial silty unit, with the edict that the original type locality
of the Wingate be abandoned (Baker, Dane, and Reeside,
1947, p. 1667-1668).

The silty unit at the base of the Entrada was formerly con-
sidered correlative with the Carmel Formation, the lower-
most formation of the San Rafael Group (Baker, Dane, and
Reeside, 1947). Later work, however, indicated that the
Carmel probably extends eastward from Arizona and Utah
only to the proximity of New Mexico (Wright and Dickey,
1958, p. 174-175). The silty unit at Fort Wingate is
accordingly thought to be correlative with the medial silty
member of the Entrada in northeastern Arizona (Strobell,
1956; Harshbarger, Repenning, and Irwin, 1957, p. 35).

The Entrada is the most extensive unit of the San Rafael
Group. From a feather edge in central Colorado, it thickens
westward to a maximum thickness of nearly 2,000 feet in
central Utah and extends southward into northeastern Arizona,
northwestern New Mexico, and northward into southwestern
Wyoming. It is concordant on the Carmel in eastern Utah and
northeastern Arizona and to the east beyond the limit of the
Carmel is unconformable on older rocks (Wright and Dickey,
p. 172-177).

The Entrada on the Colorado Plateau generally includes two
distinct lithologic types. The first is a reddish orange to light
gray, well-sorted, quartz sandstone that is conspicuous by
sweeping large-scale cross-strata. It forms the entire thickness
in most of Colorado but, to the west, interfingers with the
second lithologic type, a red, earthy siltstone, which in turn
forms the entire thickness of the formation near the western
edge of the San Rafael Swell (Wright and Dickey). This
siltstone is poorly sorted and weathers into grotesque erosion
forms locally referred to as hoodoos.

In northeastern Arizona, adjacent parts of Utah, and north-
western New Mexico, Harshbarger, Repenning, and Irwin (p.
35-38) recognized three members—a lower sandy member
that is present only in Arizona and Utah, a medial silty
member, and an upper sandy member. The medial silty
member and upper sandy member, as established at Fort Win-
gate, have been extended eastward into the Laguna district
(Harshbarger, Repenning, and Irwin; Smith, 1954; Rapaport,
Hadfield, and Olson, 1952) and generally extend northeast-
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ward from Laguna into north-central New Mexico (D. D.
Dickey, written communication, 1963).

In most places, the Entrada rests on the Upper Triassic
Wingate Sandstone (Harshbarger, Repenning, and Irwin, p. 8,
I 1), but at least in the southeastern part of the Laguna district
(where the Wingate undoubtedly is missing), it rests on the
Chinle Formation (Kelley and Wood, 1946; Silver, 1948;
Rapaport, Hadfield, and Olson; Harshbarger, Repenning, and
Irwin). Elsewhere in the Laguna district, rocks previously
called Wingate might belong in the Entrada. If so,

the Entrada rests on the Chinle throughout the district. This
problem is discussed below under local relations.

The Entrada Sandstone probably comprises marine, fresh-
water, and eolian deposits. In central Utah where it grades into
the Carmel Formation it probably represents marine deposits,
although fossil evidence is lacking. Eastward, these beds
appear to grade into fluvial, lacustrine, and eolian deposits. In
the southeastern part of the area, including northwestern New
Mexico, the silty member of the Entrada probably largely
represents fresh-water and possibly some marine

Table 1. Sequence of stratigraphic units containing uranium deposits in the Ambrosia Lake-Laguna area, New Mexico.
System | Age Formation Thickness Character and distribution Uranium deposits
(feet)
3 Dakota Sandstone '<5-125 | Tan to gray, medium-grained quartz sandstone, some Scattered small deposits, generally
2 33 interbedded carbonaceous shale and local coal near base and closely related to
0 - $ lenses. Local conglomerate-filled scours at base carbonaceous material. A few in
§ § § as much as 25 feet deep. Ambrosia Lake district have
@ e yielded ore.
(&} [ &)
o
Unconformity

Brushy Basin Member: mostly greenish-gray mudstone Sandstone lenses contain many deposits.
and local thick arkosic sandstone units. Contains Very large deposits occur in Jack-
Poison Canyon sandstone of economic usage near base pile sandstone in Laguna district
in Ambrosia Lake district and Jackpile sandstone of and large ones occur in Poison Can-
economic usage at top in Laguna district. Member yon sandstone and other sandstone
is 20-300 feet thick and generally thickens east- units in Ambrosia Lake district.
ward and northward from Ambrosia Lake district.

Westwater Canyon Member: light-brown to gray, poorly Contains many large deposits in
sorted, arkosic sandstone and some interbedded gray Ambrosia Lake district.
mudstone. Intertongues with Brushy Basin Member
and thins from maximum of about 300 feet in Ambrosia

Morrison Formation 0-600 Lake district to less than 50 feet in the Laguna
district where locally absent,

Recapture Member: distinctive alternating beds of gray | Contains a few small deposits. One
sandstone and grayish-red siltstone or mudstone. Beds in Laguna district has yielded ore.
are a foot to several feet thick. Contact with Bluff
Sandstone generally sharp, but intertongues with
Westwater Canyon Member. Recapture is less than 50
to more than 200 feet thick.

=
9 E Pale-red to pale-brown, fine- to medium-grained sand- Contains no deposits.
" @ stone. Forms massive cliffs. Upper part marked by
2 = Bluff Sandstone 150-400 thick sets of large-scale crossbeds; lower part
= w grades down into smaller-scale sets of crossbeds
E and some flat beds.

Alternate beds of pale-brown, thin-bedded sandstone Contains scattered deposits at hase,

and reddish-brown mudstone or siltstone. Sandstone generally where underlying Todilto
Summerville Formation 90-200 beds thicken in upper part and grade into overly- Limestone is mineralized.

ing Bluff Sandstone; at base grades and intertongues

with Todilto.

Consists of upper gypsum-anhydrite member, exposed Contains (mostly in Ambrosia Lake

only in Laguna district, 0-75 feet thick; and district) many small and some
Todilto Limestone 0- 85 lower limestone member, gray, laminated in lower fairly large deposits in the

part and more massive, contains interbedded silt- limestone member.

stone in upper part, 5-35 feet thick.

Consists of upper unit, 80-250 feet thick, of reddish- Contains scattered small deposits
orange, fine-grained sandstone with thick sets of at top of formation, generally
large-scale crossbeds and a medial unit, 10-85 feet where overlying Todilto Limestone
thick, of red and gray siltstone. In the Laguna is mineralized. Some have yielded

Entrada Sandstone 150-250 district, a lower sandstone unit, 0-30 feet thick, ore.
may belong in the Entrada or may be the Wingate
Sandstone. Medial unit probably unconformable on
Wingate Sandstone in Ambrosia Lake district; lower
sandstone unit unconformable on Chinle Formation
in Laguna district.
Unconformity

© ©

7 @ Wingate Sandstone

] e and Not described.

E = & Chinle Formation




deposits, and the sandy members probably largely represent
eolian and some fluvial beds. These features are discussed
by Gilluly and Reeside, Baker, Dane, and Reeside (1936),
Imlay (1952), Harshbarger, Repenning, and Irwin, and
Wright and Dickey.

The Entrada is assigned to the Late Jurassic because of its
gradational relations with the Carmel Formation and its strat-
igraphic position below the Curtis Formation, both of which
contain Late Jurassic marine fossils (Gilluly and Reeside, p. 76-
79; Baker, Dane, and Reeside, 1936, p. 7-8; Imlay, p. 962).

LOCAL RELATIONS

In the Ambrosia Lake area, the Entrada crops out north of
U.S. Highway 66 and, south of Grants, it is partly exposed in
several places along State Highway 117 to a point about 20
miles south of U.S. Highway 66. Approximately from Grants
to Laguna, a distance of about 30 miles, the Entrada is cov-
ered. In the southern and eastern parts of the Laguna district,
the Entrada is well exposed along U.S. Highway 66. The
southernmost exposure is about 25 miles south of Laguna.

In the Grants region, the medial silty member is about 10
to 85 feet thick and consists of thin-bedded, red and gray,
friable siltstone and fine-grained quartzose sandstone. It
grades and interfingers into the upper sandy member, which
is 80 to 250 feet thick. The upper sandy member is a reddish
orange to light gray, moderately well-cemented and well-
sorted, fine- to medium-grained quartz sandstone. It tends to
crop out in a prominent rounded cliff or "slick rim," the
upper part of which is generally bleached to light gray. The
upper sandy member is marked by thick sets of large-scale,
planar cross beds, but contains less conspicuous, relatively
thin, flat-bedded sets.

Locally in the Laguna district, a sandstone unit litholog-
ically and structurally similar to the upper sandy member of
the Entrada occurs at the base of the silty member. According
to Silver, this sandstone is the Wingate. Silver, who appar-
ently accepted Dutton's type section at Fort Wingate and
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referred all the beds between the Chinle and Todilto to the
Wingate, indicated in a footnote (p. 74) that his units are
equivalent to the revised nomenclature of Baker, Dane, and
Reeside (1947). Thus, as shown in Table 2, Silver's lower
cliff-forming member is the Wingate Sandstone of Baker,
Dane, and Reeside (1947) and Harshbarger, Repenning, and
Irwin; Silver's middle slope-forming member is equivalent to
the Carmel of Baker, Dane, and Reeside (1947) and to the
medial silty member of the Entrada of Harshbarger, Repen-
ning, and Irwin; and Silver's cliff-forming member is equiv-
alent to the Entrada of Baker, Dane, and Reeside (1947) and
to the upper sandy member of the Entrada of Harshbarger,
Repenning, and Irwin. R. H. Moench, however, who has
mapped the Laguna district in detail, includes all of Silver's
original Wingate in the Entrada, principally for lack of evi-
dence of erosion under Silver's middle slope-forming member
and for the lithologic and structural similarity to the lower
and upper cliff-forming members of Silver (R. H. Moench,
written communication, 1963).

The lower sandstone unit of Moench unconformably over-
lies the Chinle Formation on Petoch Butte, in the southwest
corner of the Laguna district, and is exposed in a line of
outcrops that extends eastward about four miles from the
western margin of the district. To the east, the middle silt-
stone unit of Moench rests on the Chinle, small discontinuous
lenses of the lower sandstone unit being exposed only locally.
The lower sandstone unit thins from about 3o feet thick at
Petoch Butte to a knife edge about six miles to the northeast,
and it tends to coarsen southward and downward. Deep scours
at the base contain coarse-grained sandstone and locally
quartz-pebble conglomerate, and the contact with the
overlying siltstone unit is flat and sharp (R. H. Moench, writ-
ten communication, 1963). Correlation of the Entrada Sand-
stone units in the Laguna district with the units in the Am-
brosia Lake area requires some understanding of the strati-
graphic relations of the Wingate Sandstone, which are re-
viewed briefly.

The Wingate Sandstone is about 350 feet thick at Fort

Table 2. Nomenclature of the Entrada Sandstone along the south side of the San Juan Basin.
I -
| Harshbarger, Repenning, | Baker, Dane, and Reeside, | C. T. Smith, 1954 Caswell Silver, 1948 R. H. Moench, written
|
and Irwin, 1957 1947 (Thoreau quadrangle) (Jurassic overlap, communication, 1963

(Fort Wingate)
Hadfield,

(Fort Wingate area)
Rapaport, and
Olson, 1952

(South side San Juan Basin)

Upper sandy member Entrada sandstone

jpper member

west-central New (Laguna district)

Mexico)

Upper cliff-forming Upper sandstone

member unit

Medial silty member Carmel formation

Entrada sandstone
| Entrada sandstone

Lower member

Middle slope-forming Middle siltstone

member unit

Wingate sandstone Wingate sandstone

Wingate(?) formation

Wingate sandstone
Entrada Sandstone

Lower cliff-forming | Lower sandstone

member unit
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Wingate. It thins eastward to less than 100 feet in thickness in
the Thoreau quadrangle (Harshbarger, Repenning, and Irwin,
p. 11; Smith, 1954) and to about 50 feet north of Grants. In
this general area, the Wingate rests on the Chinle Formation
and is overlain by the Entrada Sandstone. Both contacts are
erosional surfaces but without marked angularity between the
beds on either side (Harshbarger, Repenning, and Irwin, p.
11; Smith, 1954; Rapaport, Hadfield, and Olson). The upper
contact with the Entrada Sandstone, although not markedly
angular, must represent a fairly large time interval because of
the respective Late Triassic and Late Jurassic ages of the
Wingate and Entrada Sandstones. During this time, some beds
at the top of the Wingate probably were removed by erosion
prior to deposition of the Entrada. The eastward thinning of
the Wingate between Fort Wingate and the Grants area could,
therefore, be at least partly a result of such erosion.
Correlation of the Wingate and Entrada units in the Ambrosia
Lake area with their respective units in the Laguna district is,
therefore, dependent partly on the recognition of this erosion
surface in the Laguna district.

From the available data, there appear to be two alternative
interpretations or correlations. The first interpretation is that the
Wingate Sandstone is cut out completely between Am

AMBROSIA LAKE DISTRICT

(Nomenclature of
Harshbarger and others, 1957)

brosia Lake and Laguna under the erosion surface at the base
of the Entrada Sandstone, as shown in Figure 1. If so, the
erosion surface on the Wingate in the Ambrosia Lake area is
correlative with the erosion surface on the Chinle Formation
in the Laguna district. If so, the lower sandstone unit of the
Entrada Sandstone of Moench probably grades westward into
his middle siltstone unit, which is the correlative of the
medial silty member of Harshbarger, Repenning, and Irwin,
as shown in Table 2.

The second interpretation is that the erosion surface on the
Wingate in the Ambrosia Lake area is correlative with the top
of the lower sandstone unit of the Entrada Sandstone of
Moench (fig. ). If so, the lower sandstone unit of Moench is
correlative with the Wingate Sandstone of Harshbarger,
Repenning, and Irwin, as shown in Table 2. This interpreta-
tion requires the acceptance of the lack of erosional features
and the conformity of the beds along the contact between the
lower sandstone and middle siltstone units of Moench as a
somewhat abnormal local condition. A completely acceptable
correlation of the Entrada units between the two districts will
probably require more complete information.

The Entrada Sandstone contains many uranium deposits in the
Ambrosia Lake—Laguna area, but few have yielded ore.

LAGUNA DISTRICT

(Nomenclature of Moench,
written communication, 1963)

(UNEXPOSED
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T'woO INTERPRETIVE CORRELATIONS OF STRATIGRAPHIC UNITS OF THE ENTRADA SANDSTONE AND THE WINGATE SANDSTONE
BETWEEN THE AMBROSIA LAKE AND LAGUNA DISTRICTS



10 NEW MEXICO BUREAU OF MINES AND MINERAL RESOURCES

Most, if not all, the deposits are at the top of the formation
and generally represent the basal parts of deposits in the over-
lying Todilto Limestone. Examples of deposits that have
yielded ore are the Sandy, in the Laguna district, and the Zia,
in the Grants district.

TODILTO LIMESTONE
NOMENCLATURE AND REGIONAL RELATIONS

The Todilto Limestone, which overlies the Entrada Sand-
stone in the Grants region, was originally described from a
,10-foot-thick exposure of limestone in Todilto Park, New
Mexico (Gregory, 1917, p. 55). Baker et al. (1927, p. 803)
assigned it as a formation in southeastern Utah, but doubted
the equivalence of the beds to the Todilto of eastern Arizona
and northwestern New Mexico. The Todilto was assigned as
a member and "somewhat incongruous associate” of the
Morrison Formation (Baker, Dane, and Reeside, 1936, p. 9)
and, still later, was included in the San Rafael Group as a
member of the Wanakah Formation of southwestern Colo-
rado (Baker, Dane, and Reeside, 1947, p. 1668). Then, be-
cause of its distinctive lithology and wide extent, Northrop
(1950, p. 36) and Wright and Becker (1951) raised it to
formation rank and included it in the San Rafael Group—a
status which has been generally accepted (Smith, 1954, p.
13-14; Harshbarger, Repenning, and Irwin, p. 38-39;
Anderson and Kirkland, 1960).

The Todilto Limestone is conformable on and generally
gradational with the Entrada Sandstone and is distributed
throughout most of northwestern New Mexico, adjacent parts
of northeastern Arizona, northeastern New Mexico, and
southwestern Colorado (Anderson and Kirkland, p. 44). In
the San Juan Mountains, Colorado, its equivalent is referred
to as the Pony Express Member of the Wanakah Formation
(Read et al., 1949; Imlay, p. 960).

The southern depositional margin of the Todilto is a line

0 to 20 miles south of U.S. Highway 66 that trends
westerly to a point south of Grants and then swings
northwesterly and into Arizona west of Todilto Park
(Rapaport, Hadfield, and Olson).

The Todilto is composed of two members, a basal limestone
member, which is from o to about 40 feet thick and rather
widespread, and an upper gypsum-anhydrite member that is
more restricted and up to about 125 feet thick. The basal
member consists of thin-bedded and laminated, gray, fine-
grained limestone, some thin interbeds of siltstone, and near
the top some thin seams of gypsum. In some places, the beds
are nearly black, and fine-grained black carbonized material is
concentrated along the bedding planes. When pulverized, the
limestone emits a fetid odor. This characteristic, coupled with
the dark hue, has led many to describe the limestone as
"petroliferous.” Whether or not the limestone contains hydro-
carbons and is petroliferous, its content of organic carbon is
low. In 14 bulk samples selected by the writer along the out-
crop and from drill holes around the San Juan Basin, the con-
tent of organic carbon ranged from 0.20 to 1.6 percent and
averaged 0.6 percent (analyses by Irving Frost, U.S. Geologi-
cal Survey).

The bedding of the limestone member is contorted in many
places. Where strongly disturbed, the beds are folded into a
variety of shapes that range from open and closed anticlines to
fan folds, recumbent folds, and chevron folds, most of

which are asymmetric. Although the folds are fractured and
cut by subsidiary faults of small displacement, plastic
deformation is dominant. The amplitude of the structures is
about equal to their breadth, which ranges from a fraction of
an inch to several tens of feet. They generally occur in
clusters, and the axes of the individual folds show a crude
alignment (Hilpert and Moench, 1960, p. 439, fig. 6). Most
folds are confined to the limestone member, but some of the
larger ones involve beds in the top few feet of the underlying
Entrada Sandstone and basal beds of the overlying
Summerville Formation where the upper gypsum-anhydrite
member is missing. None of the folds is visibly truncated by
bedding planes, but instead die out upward into undisturbed
bedding. As the folds are almost entirely restricted to the
Todilto, they are considered to be intraformational.\

The gypsum-anhydrite member, which is conformable and
gradational with the underlying limestone member, generally
occupies the central area of Todilto deposition (Anderson and
Kirkland, p. 44). It crops out north of U.S. Highway 66 in the
Laguna district and along the eastern side of the San Juan
Basin, but its extent to the north and west of these outcrops is
only known approximately.

The Todilto is generally considered an evaporite, but the
environment of deposition is uncertain and the evidence for its
deposition in a marine embayment or lake basin is contro-
versial.

The marine origin is supported largely because of the pres-
ence of fossil fish that are thought to have Marine Affinities,
lack of chlorines in the abundant surface evi-
dence of a marine connection between the area of Todilto
deposition and the Curtis sea. Evidence for a marine connection is
found in northeastern Arizona where the upper sandy member of
the Entrada is missing and the formation is abnormally thin
(Baker, Dane, and Reeside, 1947, p. 1668; Imlay, p. 960;
Harshbarger, Repenning, and Irwin, p. 46-58).

The nonmarine origin is supported largely by the scarcity
of fossils, the presence of a nonmarine ostracode (Swain,
1946), and the general gradational contact with the underly-
ing eolian and fluvial sands of the Entrada Sandstone. Re-
cently Anderson and Kirkland (p. 43-45) have questioned the
marine affinities of the fish but found no conclusive proof
either for a marine origin or for a nonmarine origin. The
writer concludes, from the available information, that the
Todilto probably was deposited in a shallow semiclosed basin
under mixed marine and continental Conditions.

The Todilto Limestone is considered to be Upper Jurassic
because of its correlation with the Curtis Formation (Baker, Dane,
and Reeside, 1947, p. 1668; Imlay, p. 960; Gilluly and Reeside, p.
79).

LOCAL RELATIONS

In the Grants district, only the limestone member of the
Todilto crops out, but the gypsum-anhydrite member has
been penetrated by drill holes about eight miles north of the
outcrop (J. C. Wright, written comunication, 1957). In this
district, the limestone member range in thickness from about
5 to 3o feet, averages about 15f t, and comprises three units
which are referred to locally as the basal "platy," medial
"crinkly," and upper "massive" zones.

The lower two zones, or units, are about equal in thickness
and constitute about half the total hickness of the member.
The "platy" and "crinkly" units consist of fine-grained, lami-
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nated, and thin-bedded limestone with thin siltstone partings
and local seams of gypsum. Black dense films of carbonized
material are conspicuous locally along the partings in the
"crinkly" unit. The bedding in the "platy" unit generally is
undisturbed, but in the "crinkly" unit it is intensely crenulated.
The "massive" unit consists of more coarsely crystalline
limestone with indistinct bedding and varies in thickness from
place to place. In many places it contains breccia of limestone
cemented by calcite, and locally the top of the unit is a breccia
with fragments of limestone embedded in sand derived from
the overlying Summerville Formation. The upper part of
the "massive™ unit also contains lenses of siltstone, indicating a
gradational contact with the overlying Summerville.

In the Laguna district both the limestone and gypsum-an-
hydrite members are exposed. The limestone member crops
out along both sides of U.S. Highway 66 and is as much as 35
feet thick in the vicinity of the Sandy mine, but to the north,
where it is overlain by the gypsum-anhydrite member, it
averages only about ten feet thick. It consists of two units of
about equal thickness, a lower bedded unit and an upper
massive unit that are lithologically and structurally similar to
the "platy" and "massive" zones or units in the Ambrosia Lake
area. The lower, or bedded unit, ranges in thickness from a
few feet to as much as 35 feet and probably averages about ten
feet. The "massive" unit is discontinuous and highly variable
in thickness, being locally as much as 15 feet thick.

According to R. H. Moench (written communication,
1963), where the overlying gypsum-anhydrite member is
missing, the massive limestone unit and basal sandstone beds
of the Summerville Formation in many places are intimately
mixed and thin layers of sandstone and siltstone are tightly
folded. These relations, when considered with the general
gradational nature of the Todilto—Summerville contact, sug-
gest flowage after deposition and before consolidation of the
sediments (R. H. Moench, written communication, 1963).
The brecciation and mixing in the same straigraphic position
in the Ambrosia Lake area, as mentioned above, suggest the
same kind of flowage.

The gypsum-anhydrite member is exposed in the Laguna
district mostly north of U.S. Highway 66 where it ranges in
thickness from o to 75 feet and forms conspicuous knolls or
hummocks on benches of the limestone member. This ex-
posure is the southern end of the thick part of the member, the
axis of which trends north along the east side of the San Juan
Basin. At the surface, the member is almost entirely gypsum,
but the hummaocks in many places are capped by a thin bed of
limestone (R. H. Moench, written communication, 1963). In a
drill hole at the Jackpile mine, the unit is about 75 feet thick
and almost entirely anhydrite. A little gypsum is present at the
top, and the lower half shows irregular limestone laminae (R.
H. Moench, written communication, 1963).

Many uranium deposits occur in the Todilto Limestone. All
are in the limestone member and most are near the base, but
some are in the middle or top or occupy the entire limestone
interval. Many are not confined entirely to the limestone but
extend into the underlying Entrada Sandstone or into the
overlying Summerville Formation. Most of the deposits are in
the Grants district but some occur in the Laguna district, as
well as elsewhere in northwestern New Mexico. All the de-
posits are closely related to the intraformational folds in the
limestone member. These folds, which are probably Late

Jurassic in age, are best developed and concentrated along
the southern margin of the San Juan Basin (Hilpert and
Moench).

SU MMERVILLE FORMATION
NOMENCLATURE AND REGIONAL RELATIONS

The Summerville Formation was named from exposures in
the northern end of the San Rafael Swell, Utah (Gilluly and
Reeside, p. 80). Baker, Dane, and Reeside (1936, p. 32) ex-
tended the nomenclature to western Colorado and to the vicin-
ity of the Four Corners. Later, Harshbarger, Repenning, and
Jackson (1951, p. 4o, 97, pl. z) extended it to Fort Wingate.
The terminology then was extended eastward from Fort Win-
gate to Laguna (Rapaport, Hadfield, and Olson, p. 27-29). For
exposures in the area north of Thoreau, Smith (1954, p. 1415),
used the name Thoreau Formation and correlated the lower
even-bedded member of this unit with the Summerville.
Freeman and Hilpert (1956, p. 316, 318) used the terminology
of Rapaport, Hadfield, and Olson (1952) and extended it
northward to Cuchillo Arroyo on the eastern side of the San
Juan Basin.

Regionally, the Summerville generally consists of a lower
silty member and an upper sandy member ranging from about
50 to 330 feet in total thickness. The silty member conformably
overlies the Curtis Formation in the San Rafael Swell (Gilluly
and Reeside, p. 80). Southeastward from the Swell, it
progressively overlies the Entrada Sandstone and Todilto
Limestone (Baker, Dane, and Reeside, 1947, p. 32; Strobell;
Harshbarger, Repenning, and Irwin, 1957, pl. 3). The lower
silty member is a sequence of soft reddish brown mudstone and
thin-bedded, silty sandstone beds that locally are gypsiferous
and that in many places exhibit subaqueous slump structures
(Harshbarger, Repenning, and Irwin, 1957, p. 41; Strobell). It
grades upward into the upper sandy member which consists
mostly of reddish brown and pale brown, fine-grained, even-
bedded sandstone and some interbedded siltstone. The
sandstone beds progressively thicken toward the top at the
expense of the interbedded siltstone and, in the southeastern
part of the area, the sandstone beds at the top individually are
as much as several feet thick.

In general, the Summerville thickens northwestward and
the grain size coarsens from Utah eastward and southeast-
ward. The Summerville passes laterally into the Curtis For-
mation and is in part a marginal facies of the Curtis in east-
central and southwestern Utah (Baker, Dane, and Reeside,
1936, p. 47). It grades into the Cow Springs Sandstone in
northeastern Arizona and west-central New Mexico (Harsh-
barger, Repenning, and Irwin, pl. 3), and occupies the strati-
graphic position of the elastic beds above the Pony Express
Member of the Wanakah Formation in parts of southwestern
Colorado (Read et al.).

The Summerville Formation is generally considered to rep-
resent deposits laid down in relatively quiet and shallow ma-
rine waters, but the presence of mud cracks, ripple marks, and
some g sum Gilluly 'and Reeside, p. 80) poor sorting (espe-
cially in tHe southeast), and the lack of fossils probably indi-
cate some subaerial deposition. Most likely the two members
of the Summerville represent transgressive and regressive
phases of a Curtis and Summerville sea, the lower silty mem-
ber being roughly contemporaneous with the Curtis deposi-
tion, and the upper sandy member being representative of the
regressive phase (Harshbarger, Repenning, and Irwin, p. 42).
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LOCAL RELATIONS

In the Grants and Laguna districts, the Summerville is
about 90 to 200 feet thick and is exposed in many places. It
generally crops out on stripped-back benches of the Todilto
Limestone as a talus-covered slope and an overlying horizon-
tally ribbed cliff at the base of the massive cliff of Bluff
Sandstone. The contacts of the Summerville are gradational
and arbitrary. Freeman and Hilpert selected the base as the
top of the uppermost limestone bed of the Todilto and
selected the top as the top of the uppermost persistent
siltstone-mudstone bed. This interpretation generally agrees
with that presented by Rapaport, Hadfield, and Olson and has
been followed by R. H. Moench (written communication,
1963) and E. S. Santos (oral communication, 1963).

In 'the Grants district, the Summerville is partly exposed
in many places and completely exposed in a few places north
of U.S. Highway 66 and east of State Highway 117. At Hay-
stack Butte, about six miles north of Bluewater, it is about
160 feet thick (T. E. Mullens and L. C. Craig, written
communication, 1950) and, at Red Bluff, about ten miles
north of Grants, it is about 215 feet thick. At this section, a 5-
foot-thick unit was measured by V. L. Freeman and the writer
above a basal covered unit which was estimated to be about
8o feet thick. About 20 miles south of Grants on State High-
way 117, a 15-foot-thick quartzite-pebble conglomerate is ex-
posed at the base of the Summerville and rests on the Entrada
Sandstone. The conglomerate contains fairly well rounded
pebbles, some as much as three inches in diameter, imbedded
in poorly sorted sand and silt.

In the Laguna district, the Summerville Formation was de-
scribed by R. H. Moench (written communication, 1963) as

. . the lower silty facies of Harshbarger and others (1957 p.
39) and the buff shale member of Kelley and Wood (1946) and

Silver (1948, p. 77) . . .", which conforms with the usage of
Rapaport, Hadfield, and Olson, and of Freeman and Hilpert (p.
312).

The Summerville is exposed in the district in a line of cliffs
along the southern part of Mesa Gigante and in many buttes
and mesas south of U.S. Highway 66. It ranges in thickness
from about 1 00 to 180 feet. According to Silver (p. 78), it thins
and coarsens southward. At Petoch Butte, it is about 140 feet
thick and about 17 miles south of Petoch Butte is cut out under
a pre-Dakota erosion surface. At its southern margin, the
Summerville contains a basal pebble conglomerate (Silver, p.
78) which may be equivalent to the conglomerate south of
Grants (see above). In the northern part of the district, the
formation is covered and the nearest exposure north of the
district is in Cuchillo Arroyo where a 60-foot-thick section is
exposed at the base of the Morrison Formation (L. C. Craig,
written communication, 1951; Freeman and Hilpert, p. 316).

In many places in the Laguna and Grants districts, the
Summerville beds are intensely contorted, particularly in the
lower part, and the formation is cut by numerous sandstone
pipes. The pipes extend into the overlying Bluff Sandstone and
are considered to be intraformational collapse structures that
formed during the accumulation of the highest beds they cut
(Hilpert and Moench).

Scattered uranium deposits occur in the Summerville For-
mation at the base, but few if any are of mineable grade. Most
are extensions of deposits that occur in the underlying Todilto
Limestone.

BLUFF SANDSTONE
NOMENCLATURE AND REGIONAL RELATIONS

The Bluff Sandstone, which conformably overlies the Sum-
merville Formation in the Grants region was described by
Gregory (1938, p. 58) from exposures at Bluff, Utah, and as-
signed as the basal member of the Morrison Formation in
southeastern Utah. In southwestern Colorado, Goldman and
Spencer (1941, p. 1750) called its equivalent the Junction
Creek Sandstone Member of the Morrison, and Eckel (1949,
p. 29) later raised the Junction Creek to formation rank. Read
et al. redefined it as a member of the Wanakah Formation, a
unit that occupies the stratigraphic position of the Summer-
ville Formation in south-central Colorado. Craig et al. (1955,
p. 133) accepted the correlation of the Junction Creek with
the Bluff by Goldman and Spencer (p. 1759), but considered
the Bluff as a separate formation assigned to the San Rafael
Group because it tongued and intergraded with the Summer-
ville in southeastern Utah and in bedding and lithology re-
sembled the San Rafael Group (Craig et al., p. 133-134).

From Utah, the Bluff Sandstone extends southward into
northeastern Arizona where it tongues with the Salt Wash
Member of the Morrison Formation (Craig et al., p. 133) and
coalesces with the Cow Springs Sandstone (Harshbarger, Re-
penning, and Irwin, p. 42).

In the southeastern part of the Grants region, the lithologic
member names required by the Survey during wartime inac-
tivity of the names committee were used by Kelley and Wood
for the units between the Entrada Sandstone and Dakota(?)
Sandstone. These were, in ascending order, the Todilto Gyp-
sum Member, buff shale member, brown-buff sandstone mem-
ber, white sandstone member, and variegated shale member of
the Morrison Formation. Somewhat later, Smith (1951; 1954,
p. 15) proposed a partly new set of names for the same
stratigraphic interval in the Thoreau quadrangle, just west of
the Ambrosia Lake area. Smith's sequence was the Thoreau
Formation below, which consisted of a lower and an upper
member, and the Morrison Formation above. Prior to this, the
Utah terminology of Craig et al. had been followed by
Rapaport, Hadfield, and Olson and, subsequently, was used by
Freeman and Hilpert for rocks exposed along the southeast
side of the San Juan Basin. Thus, in the Grants region, the
formations between the Entrada Sandstone and Dakota Sand-
stone are, in ascending order, Todilto Limestone, Summerville
Formation, Bluff Sandstone, and Morrison Formation. As
shown in Table 3 the BIuff is the equivalent of the white
sandstone and brown-buff sandstone members of the Morrison
of Kelley and Wood and the upper member of the Thoreau
Formation of Smith (1954)s

From southeastern Utah, where it attains a thickness of
about 350 feet, the Bluff Sandstone thins southward and
grades into the Cow Springs Sandstone in northeastern Ari-
zona. It is generally less than 1 oo feet thick in Arizona and is
about 3o feet thick along the Arizona—New Mexico boundary
and near Toadlena, New Mexico. From Toadlena, it grades
southward into the Summerville (Harshbarger, Repenning, and
Irwin, p. 40, 43). On the south side of the San Juan Basin, the
Bluff generally is about 150 to about 400 feet thick and is
probably thickest south of Grants and northeast of Laguna.
North of the Laguna district the Bluff is absent and may grade
into the Summerville and lower part of the. Morrison Forma-
tion south of Cuchillo Arroyo (Freeman and Hilpert, p. 316)



New Mexico Bureau oF MineEs anp MiNerAL RESOURCES 13

Table 3.

Nomenclature of the stratigraphic units between the Entrada and Dakota Sandstones along the south side of the

San Juan Basin

Modified from Harshbarger, C. T. Smith, 1954

Repenning, and Irwin, 1957 (Thoreau quadrangle)

(Fort Wingate)

Freeman and Hilpert, 1956 Kelley and Wood, 1946

(Part of northwestern New (Lucero uplift)
Mexico) Caswell Silver, 1948
Rapaport, Hadfield, and Olson, (Jurassic overlap, west-

1952 central New Mexico)

(South side San Juan Basin

Dakota Sandstone Dakota(?) formation

Dakota sandstone Dakota(?) sandstone

~ | Brushy Basin Member = | Brushy Basin shale member = | Brushy Basin member
3 - g r
E g F
E | Westwater Canyon Member E | Prewitt sandstone member E | Westwater Canyon member =
= e S S |Variegated shale member
-
g 5] =] ]
2 | Recapture 2 ] E
E ‘f | Chavez member ‘% | Becapture member S
; mber o &
= Me = 2 §
B
b
Springs Sandstone £ | bhite sandstone member
r member Bluff sandstone
58 Vepsrea Brown-buff sandstone member
§a
@
2 E
Summerville Formation EE:.E’ Lower member Summerville formation Buff shale member

Todilto Limestone Todilto limestone

Todilto limestone Todilto gypsum member

Entrada Sandstone Entrada sandstone

Entrada sandstone Wingate sandstone

or may thin to a depositional edge. In the southwest part of the
San Juan Basin the Bluff coalesces westward with the Cow
Springs Sandstone west of Thoreau.

In most places, the Bluff intertongues and is gradational
with the Summerville and the contact between the two is
rather arbitrary. The contact generally is selected between
the uppermost persistent siltstone and overlying thick-bedded
sandstone.

The BIluff generally consists of pale red to pale brown, fine-
to _medium-grained, fairly well-sorted and-cemented quartz
sandstone. It crops out as a massive, smooth, rounde® cliff
above the talus-covered slope ands cribbed cliffs of the
Summe'-ville. Bedding _of the BIuff is marked by thick sets of
large-scale, high-angle, trough-type cross beds, principally in
the_Upper part. Some thin flat-bedded and cross-bedded sets
are present, particularly in the lower part. These beds are
mostly small and medium scale.

The Bluff is generally considered a product of both sub-
aerial and eolian deposition. The lower part probably indicates
some deposition in shallow water and some wind deposition,
and the upper part largely wind action. Craig et al. (p. 133)
considered the BIluff in Arizona to be a tongue of the Cow
Springs Sandstone. Harshbarger, Repenning, and Irwin (p. 42,
44) believed the materials of both to have been derived from
dunes that advanced northward from highlands in central
Arizona and New Mexico, referred to as the Mogollon
Highlands. The dip directions of the cross beds in the Laguna

district indicate that the Bluff there was derived from the west and
southwest, presumably from the same source area (R. H. Moench,
written communication, 1963).

The Bluff Sandstone is generally considered to be Upper
Jurassic because of its intertonguing relations with the Sum-
merville Formation.

LOCAL RELATIONS

In the Grants district the Bluff sandstone is exposed in
many places along the outcrop north of U.S. Highway 66.
South of Highway 66 it is exposed along the escarpment east
of State Highway 117. At Haystack Butte it is about 160 feet
thick (T. E. Mullens and L. C. Craig, written communication,
1950) and at the Red Bluff section north of Grants it is about
270 feet thick. According to Thaden and Santos (1957, p.
73), the BIluff thickens southward from Grants, possibly to
more than 300 feet.

In the Laguna district the Bluff is well exposed in cliffs on
the west and south sides of Mesa Gigante and in numerous
buttes and mesas south of U.S. Highway 66. The Bluff aver-
ages about 300 feet in thickness, and the thickest exposure,
which is about 400 feet, is on the south side of Mesa Gigante;
on Petoch Butte, south of Laguna, where the upper part has
been removed by pre-Dakota erosion, the Bluff is about 220
feet thick (R. H. Moench, written communication, 1963).
Southward from Petoch Butte it is progressively cut out under
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the pre-Dakota erosion surface and about 25 miles south of
Laguna has been entirely removed (Silver).

Moench has found that in the eastern part of the district,
the lower part of the Bluff is light reddish brown and the
upper part is light yellowish gray, whereas in the western
part the entire formation is light yellow gray or very pale
orange. He attributes the lighter colors in the lower part of
the BIuff in the western part to alteration effects of
numerous diabase dikes and sills. Because of this
difference, identification of the Bluff across the Laguna
district cannot be based solely on color (R. H. Moench,
written communication, 1963).

The Bluff Sandstone contains no known uranium deposits.

MORRISON FORMATION
NOMENCLATURE AND REGIONAL RELATIONS

Cross (1894, p. 2) applied the name Morrison Formation
to exposures near Morrison, Colorado; since then, the Morri-
son has been recognized throughout much of the western in-
terior of the United States, including Colorado, eastern Utah,
part of northeastern Arizona, and northwestern New Mexico.
The age, stratigraphic relations, and definition of its
members, however, have been subjected to much work and
discussion, which has led to a voluminous literature. For a
general background, the reader is referred to Cross, Emmons,
Cross, and Eldridge (1896); Lupton (1914); Gilluly and
Reeside; Baker, Dane, and Reeside (1936); Gregory (1938);
Stokes (1944); Waldschmidt and LeRoy (1944); Harshbarger,
Repenning; and Jackson; Harshbarger, Repenning, and Irwin;
and Craig et al.

The Morrison is generally considered to be Late Jurassic
(Imlay, p. 953-960), although the upper part in some places
might be younger.

Craig et al., in a summary report based on extensive strati-
graphic studies in the Colorado Plateau, gave a rather detailed
discussion of the stratigraphic relations and over-all distribu-
tion. They defined the base of the Morrison in the Colorado
Plateau region as the base of the terrestrial, fluvial Jurassic
deposits overlying beds of the marine and marginal marine
San Rafael Group, and outlined the Morrison as a crude,
lenslike mass that extends from a wedge-edge in northeastern
Arizona northeastward across Utah, northwestern New Mex-
ico, and western Colorado. Throughout this region, the Morri-
son is generally conformable on the San Rafael Group, ranges
in thickness from 300 to 900 feet and averages about 500 feet.

The Morrison is mostly a sequence of interbedded sand-
stone, claystone, or mudstone, some thin-bedded limestone,
and some conglomerate. The sandstone units range from a
foot or so to more than 1 oo feet in thickness, are arkosic,
contain much interstitial clay or mudstone and locally
carbonized plant fragments and fossil logs. The sandstone is
commonly cross-stratified and has conspicuous cut-and-fill
structures in many places. The upper part of the Morrison is
mostly claystone or siltstone and some sandstone. The
claystone contains much bentonitic material which tends to
swell when wet.

The Morrison generally grades from conglomeratic sand-
stones in the southwestern part of the region to finer material,
mostly mudstone, in the northeastern part. It wedges out in
northeastern Arizona and west-central New Mexico partly as a
result of pre-Dakota erosion (Craig et al.).

Regionally, the Morrison consists of four members which
are, in ascending order, the Salt Wash Recapture, Westwater
Canyon, and Brushy Basin. Each of the lower three consti-
tutes a fanlike lens that generally grades from conglomeratic
sandstone along the southwestern margin to mudstone along
the northeastern recognizable limit of the member. The
Brushy Basin, the uppermost member, is largely a lenticular
unit of claystone (much of it bentonitic), some thin beds of
limestone, and some silt and sand (Craig et al., p. 138-156).

Studies of the lithology and sedimentary structures of the
Morrison by Craig et al. indicate that the sediments were
largely derived from a landmass in west-central Arizona and
west-central New Mexico and were deposited by an aggrading
system of northeastward-flowing streams. The sediments of
the Brushy Basin Member were probably deposited in a mixed
lacustrine and fluvial environment in which the fluvial
material probably came largely from the Mogollon Highland
to the south (Harshbarger, Repenning, and Irwin, p. 55). The
bentonitic claystone is interpreted to be a derivative of vol-
canic ash (Craig et al., p. 160).

All four members of the Morrison are present in northwest-
ern New Mexico, but in the southern part of the. San Juan
Basin, the Salt Wash is absent and the other three members
have been referred to by different names (Kelley and Wood;
Silver; Smith, 1954). Freeman and Hilpert used the terminol-
ogy of Craig et al., and extended it across the southern side of
the San Juan Basin. Others (Granger et al., 1961; Schlee and
Moench, 1961; Granger, 1962) have followed the terminology
generally. Thus, as shown in Table 3, the Recapture, West-
water Canyon, and Brushy Basin members are the correlatives,
respectively, of the Chavez Member, Prewitt Sandstone
Member, and the Brushy Basin Shale Member of the Morrison
Formation of Smith (1954); they are collectively the
equivalent of the variegated shale member of the Morrison
Formation of Kelley and Wood and Silver.

LOCAL RELATIONS

In the Grants district, the Morrison is widely exposed north
of U.S. Highway 66 and is partly exposed immediately south
of Highway 66 and east of State Highway 117. In the Laguna
district, it is exposed in a belt extending northeasterly across
the district and is best exposed for several miles north from
Laguna. In general, the Morrison rests conformably on the
Bluff Sandstone, although locally the surface contains shallow
scours. The Dakota Sandstone overlies the Morrison uncon-
formably, but generally without marked angularity. However,
in the Grants district, about two miles south of U.S. Highway
66 on State Highway 117, the Morrison is cut out under the
pre-Dakota erosion surface and, southward from the vicinity of
the Jackpile mine in the Laguna district, the pre-Dakota
erosion surface successively truncates older beds; at Petoch
Butte the entire Morrison has been removed (Silver). The
angular relations of the beds on each side of the unconformity
can be observed best immediately southwest of the Jackpile
mine where the Dakota Sandstone rests on truncated broad
folds in the Morrison.

Throughout most of the Grants region, the Morrison, com-
prising the Recapture, Westwater Canyon, and Brushy Basin
members, is 0 to about 600 feet thick, averaging about 450
feet. In the Grants district, each member has an average thick-
ness of 150 feet, but in the Laguna district the Recapture and
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Westwater Canyon members are thinner and somewhat dis-
continuous and the Brushy Basin is thicker. Also in the La-
guna district, a prominent sandstone unit, informally referred
to as the Jackpile sandstone of economic usage, is present in
the upper part of the Brushy Basin. The stratigraphic relations
between these units in the two districts are shown in Figure 2.

The Recapture Member is conformable on the Bluff Sand-
stone. The contact generally is even and sharp and is
marked by changes in lithology, bedding structures, and
colors. In places, the two units grade and intertongue, and in
some places the Recapture rests on scoured or channeled
surfaces that have a foot or so of local relief. The Recapture
in the Grants district generally ranges in thickness from
about 50 to more than zoo feet and has an average thickness
of about 150 feet. In the Laguna district, it is thinner and
generally ranges in thickness from about 25 to 50 feet,
although locally it is as much as loo feet thick. In Cuchillo
Arroyo north of the district, it is about 275 feet thick
(Freeman and Hilpert, p. 316, 325).

The Recapture consists mostly of distinctive alternating gra
ish red and ra beds of sandstone, siltstone, mudstone,
anaewtina tone. The beds generally
range from a foot or so to several feet thick and some beds of
sandstone are as much as ten feet or more thick. The sandstone
is soft, clayey, poorly sorted, and mostly fine- to medium-
grained. Locally, it contains small lenses of granules and small
pebbles and concentrations of carbonized plant debris. It is
commonly ripple-laminated and thin-bedded. Cross beds
are not conspicuous and where present are small to medium-
scale’

a nd pl anar ty pe.

The Recapture contains a few uranium deposits, but they are
generally small and of low grade.

The Westwater Canyon generally overlies the Recapture
throughout the area. From place to place, the contact is a scour
surface or is gradational or the members intertongue. The
Westwater Canyon is thickest in the Ambrosia Lake area
where it ranges from less than 50 to nearly 300 feet in thick-
ness and has an average thickness of about 150 feet. In the
Laguna district, it ranges in, thickness from about ten to more
than 100 feet, but generally has an average thickness of less
than 50 feet; it is absent locally on the south end of Mesa
Gigante and, in the southwestern part of the district, locally
fills scours that cut through the Recapture and into the Bluff
Sandstone (R. H. Moench, written communication, 1963).
North of the Laguna district at Cuchillo Arroyo, it is about
170 feet thick (Freeman and Hilpert, p. 316, 324).

The Westwater Canyon is mostly a light yellow-brown to
gray, fine- to coarse-grained, poorly sorted, cross-bedded sand-
stone. It is arkosic and contains some small lenses of granules
and small pebbles and some thin seams or beds of gray mud-
stone and siltstone. Grains and granules of pink feldspar and
flecks of white kaolin are conspicuous in hand specimens.
Fragments of silicified logs are present locally, but most are
small. e cross-bedding is generally small- to medium-scale
trough type. The cross beds dip southeastward in the lower
part and northeastward in the upper part in the Ambrosia
Lake area (E. S. Santos, written communication  1963) and
generally northeastward in the Laguna district (R. H. Moench,
written communication, 1963). Pipelike collapse structures
similar to those in the Bluff and Summerville occur in a
number of places in the Westwater Canyon Member in the
Ambrosia Lake area.

The Westwater Canyon contains many large uranium de-
posits in the Ambrosia Lake area, in the Smith Lake area
north of Thoreau, and northeast of Gallup. These deposits are
closely associated with fine-grained carbonaceous matter that
coats the sand grains and fills pore spaces within the
sandstone.

The Brushy Basin conformably overlies the Westwater
Canyon Member and is overlain unconformably by the Da-
kota Sandstone. The contact with the Westwater Canyon is
generally gradational and the two members intertongue ex-
tensively; so the selection of the contact is quite arbitrary.
The writer defines the contact as the base of the lowermost
persistent mudstone or claystone unit. In the Ambrosia
Lake—Laguna area, the Brushy Basin is about 20 to more
than 300 feet thick. It generally thins westward and is cut out
northeast of Gallup under the pre-Dakota unconformity. It
thickens eastward from the Grants district into the Laguna
district (fig. 2) and, as indicated by drill data, apparently
northward as well.

The Brushy Basin in the general area is _ chiefly
greenish _gray mudstone but contains much interbedded
sandstone and
a few thin beds of gray limestone.The sandstone beds
are similar in color and litology to the Westwater Canyon,
range from a foot or so to several tens of feet in thickness, and
some of them extend for several miles. Also, sandstone beds
at the
to of the Westwater Canyon intertongue  with the lower part
of the Brushy Basin. One of these in the Ambrosia Lake dis-
trict extends eastward or northeastward back from the outcrop
and is referred to as the Poison Canyon sandstone of eco-
nomic usage (Hilpert andreeman). Its eastward and northward
extent is uncertain. In the Laguna district, a relatively thick
and extensive sandstone unit at the top of the Brushy Basin
immediately under the Dakota Sandstone is referred to as the
Jackpile sandstone of economic usage (Hilpert and Freeman).
It is best exposed at the Jackpile mine where it contains the
large Jackpile deposit and other nearby deposits. The Jackpile
sandstone has been described in some detail by Schlee and
Moench, from whose report it will be summarized here.

The Jackpile sandstone is a northeast-trending lens as
much as 13 miles wide, more than 33 miles long, and locally
zoo feet thick. It broadens northward and divides into two
smaller trough-shaped fingers. It is an erosional remnant of
the original mass and, before it was beveled by pre-Dakota
erosion, may have extended over a much more extensive
area. It apparently occupies a pre-Dakota structural
depression, as indicated by the angular unconformity at the
base of the Dakota, intertonguing of the sandstone at the
base of the Jack-pile sandstone with the Brushy Basin
mudstone, and the apparent thickening of the part of the
Morrison Formation that underlies the Jackpile sandstone
toward the center of the sandstone lens.

The Jackpile sandstone is similar to the Westwater Canyon,
except for a higher content of kaolin, color differences, and
other evidences of slight alteration: It is generally chalky
white in the upper part and yellow-gray in the lower part. The
white color results partly from the kaolin content and partly
from removal of pigmenting colors. The kaolin is an
alteration product of feldspar minerals caused by weathering
during the interval between deposition of the Morrison and
Dakota sediments (Leopold, 1943; Schlee and Moench;
Granger). The cross beds in the Jackpile sandstone dip gen-
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erally northeastward, indicating a northeastward direction of
transport which is parallel to the axis of the sandstone unit.

Other sandstone units in the Brushy Basin occur immedi-
ately under the Dakota Sandstone west of the Ambrosia Lake
area and north of the Laguna district and show bleaching
(probably kaolinized) in the upper part similar to the Jack-
pile sandstone. One of these units crops out about six miles
north of Prewitt and contains the Francis and Evelyn ura-
nium deposits. Another unit crops out on the east side of the
San Juan Basin (Swift, 1956).

Most, and by far the largest, of the uranium deposits in the
Ambrosia Lake—Laguna area are in the Brushy Basin and
Westwater Canyon members of the Morrison Formation.

The Westwater Canyon contains many large deposits such
as the Dysart and Cliffside and others to the west. Sandstone
lenses in the Brushy Basin also contain many deposits. The
largest ones are in the Jackpile sandstone in the Laguna dis-
trict, including the large Jackpile deposit. Also, the pipelike
Woodrow deposit in the Laguna district is in the interval that
extends from the lower part of the Jackpile sandstone into the
underlying mudstone. In the Ambrosia Lake area, deposits in
sandstone lenses in the Brushy Basin are generally smaller than
those in the Westwater Canyon.

The Recapture Member contains relatively few deposits;
most are not of mineable size and grade; an exception is the
Chaves deposit, which has yielded some ore.

DAKOTA SANDSTONE

NOMENCLATURE AND REGIONAL RELATIONS

The Dakota Sandstone of Early and Late Cretaceous age
unconformably overlies the Morrison Formation and older
strata and is overlain conformably by the marine Mancos
Shale of Late Cretaceous age throughout the Grants region.
The name Dakota Group was applied originally by Meek and
Hayden (1862) to rocks of Late Cretaceous age near Dakota,
Nebraska. Since then the name, or qualifications of it such as
Dakota(?) Formation, Dakota(?) Sandstone, and Dakota
Sandstone, has been extended over large areas in the western
States to rocks in approximately the same stratigraphic posi-
tion. In northwestern New Mexico, the name has been applied
generally to the lowermost strata of Cretaceous age that
unconformably rest on the Jurassic and older strata.

In the south part of the San Juan Basin, the Dakota gen-
erally is about 75 to 100 feet thick, except in the Laguna dis-
trict where it is locally less than five feet thick (Dane and
Bachman, 1957, p. 96; Young and Ealy, 1956; Dane, 1960, p.
; Smith, 1954, p. 18; R. H. Moench, written communication,
1963). It consists mostly of tan to gray quartz sandstone, dark
gray carbonaceous shale, and local lenses of conglomerate
and impure coal. The sandstone ranges from fine-to coarse-
grained but generally is medium-grained, is clean, and
contains numerous small molds of carbonized plant frag-
ments. The sand grains are fairly well rounded and cemented
by silica. The Dakota from place to place forms one or more
sandstone units, which are generally separated by thin beds of
carbonaceous shale and locally by coal lenses. The sandstone
units are generally cross-bedded in the lower part and even-
bedded in the upper part. Most of the carbonaceous

shale is at the base. Conglomerate lenses occur locally and
most y at the base of the formation where they occupy scours
in the top of the Morrison Formation. Some scours are as
much as 25 feet deep and are characteristically filled by a
mixture of quartz sand, quartz pebbles, and scattered pieces of
fossil plant debris.

The Dakota crops out in most places as prominent benches
and in vertical blocky cliffs. The cliff faces are commonly
iron-stained and hence readily recognized above the light-
colored sandstone and gray mudstone of the Morrison
Formation.

The Dakota Sandstone in northwestern New Mexico was
assigned a Late Cretaceous age by Cobban and Reeside (1952,
chartrob). Fossil data from the basal part of the Dakota near
Acoma confirm that it is not older than Late Cretaceous
(Dane, 1959, p. 90). Dane and Bachman (p. 97, 98) indicated
that in the Gallup area, however, part of the Dakota may be of
Early Cretaceous age.

The Dakota Sandstone is generally considered to be an
accumulation of near-shore continental deposits that were laid
down by streams and in swamps during and following a long
period of erosion and weathering which must have lasted at
least throughout most of Early Cretaceous time. The cross-
bedded sandstone, conglomerate-filled channels, and inter-
bedded carbonaceous shale and coal are indicative of such
conditions. Dane and Bachman (p. 97) interpreted the Dakota
in the Gallup area as a transgressive deposit that is partly a
fluvial, partly a lagoonal, and partly an off-shore sandy marine
unit and interpreted the advance of the sea as originating
probably from the east and south, and representing the last
phase of Dakota deposition. Moench (written communication,
1963) believes similar conditions prevailed in the Laguna dis-
trict, and he interprets the sands and gravels in the lower part
of the Dakota as deposits from streams that probably flowed
from the west.

LOCAL RELATIONS

In the Ambrosia Lake area, the Dakota crops out in low
cliffs, on mesa tops, and in prominent benches north of U.S.
Highway 66 and east of State Highway 117. In many places,
it consists of an upper sandstone unit and a lower, somewhat
thinner, carbonaceous shale unit. It generally is about 50 to
125 feet thick and averages about 8o feet thick. In the Laguna
district, it likewise crops out in low cliffs, on mesa tops, and
in prominent benches throughout the area and ranges from
less than 5 feet to more than too feet thick; in the
northeastern part of the district, sandstone is absent locally
and the formation consists entirely of black shale (R. H.
Moench, written communication). The average thickness in
the Laguna district is probably less than 50 feet.

A few uranium deposits occur in the Dakota Sandstone,
mostly near the base in channel scours, or closely associated
with carbonized plant material. A few in the Ambrosia Lake
area, such as the Silver Spur, have yielded ore.
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Tectonic Setting

VINCENT C. KELLEY

The Grants uranium belt, as encompassed in this memoir, the arbitrarily defined boundary between the uplift and the
extends west-northwest in a strip some 15 to 20 miles wide and Chaco slope, southern flank of the San Juan central basin
95 miles long. It extends from the Rio Grande trough on the (fig. i ). Beneath Mount Taylor, the belt crosses the Acoma
east to the Gallup sag on the west. It crosses the northwestern sag to the Puerco fault-belt margin of the Rio Grande trough.

end of the Zuni uplift and follows its northern flank along The principal tectonic elements in which the belt occurs
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have been described in connection with regional descriptions
(Kelley, 1957, p. 46; Kelley and Clinton, 1960, p. 444* 5> 76-
81). In addition, some special features of the local structure
have been described by graduate students working under the
author's direction (Johnston, 1953; Mohar, 1956; Edmonds,
1961). The best description of the structure in the most
productive parts of the region is that by Hilpert and Moench
(1960, p. 37444, and the following account is in part taken
from them. Reference should also be made to Moench, Thaden
and Santos, Laverty, and Rapaport for additional descriptions
of the structure elsewhere in this memoir.

The area has been subjected to several minor and one major
episode of deformation from Morrison time to the present. The
first deformation appears to have accompanied and shortly
followed the Morrison sedimentation. Such folds have been
described by Kelley (1955, p. 83, 99-100) and have been
mapped by Moench and Schlee in the Laguna area (Hilpert and
Moench, p. 439-440). Young (1956, p. 40) and Hilpert and
Moench (p. as0.443y have described similar structures in the
Ambrosia Lake area. Numerous collapse pipes occur in the
Morrison and underlying Jurassic units in the Laguna area.
These features are up to 300 feet in diameter and 300 feet high.
They appear to base in mudstone and to be related by
distribution to some parts of the pre-Dakota folds.

The major deformation of the region probably occurred in
Laramide (Late Cretaceous—Early Tertiary) time and gave rise
to the Zuni uplift, the San Juan Basin, and the Acoma
embayment. At this time, the principal folds and faults in the
Grants and Ambrosia Lake areas were formed and the gentle
northerly regional dips were established.

Subsequent erosion may have reduced the uplifted areas to
lowlands in Eocene time and ensuing deposition covered
much of the region with playa or fluvial deposits of a San
Jose or Baca type. During mid-Tertiary time continental
arching of the region caused extensive stripping, and by late
Tertiary time an erosion surface of low relief probably
developed across the area at about the level of the Mount
Taylor base.

The New Mexico Rockies began their rejuvenation in
Pliocene time. The Rio Grande trough was structurally defined,
and the faults and associated folds of the Puerco fault

belt were formed. The Mount Taylor eruptions developed
their modern aspect in late Pliocene time. Concurrently,
headward erosion by the Rio Grande tributaries began
cutting into the Mount Taylor field. Some of the late
eruptions ran into the lowered surfaces such as at Grants and
Prieta mesas, which are one or two hundred feet lower than
the high mesas such as Chivato and Horace around Mount
Taylor. Continued erosion brought the physiography toward
its Recent aspect, while late minor faulting broke the older
high-level flows in several places. Locally, basalt plugs even
domed the high-level basalt flows, as at the San Fidel
anticline. Later basalt eruptions in the Zuni Mountains area
and near Bluewater sent streams of lava into the valley of the
Rio San Jose, which flowed as much as 75 to loo miles to the
east into the Puerco Valley.
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Mineralogy

H. C. GRANGER

ABSTRACT

Uranium deposits in the Grants mineral belt occur over a
wide area in rocks of several ages. Most of the deposits are in
the Todilto Limestone, Morrison Formation, or Dakota Sand-
stone. The mineral assemblages of deposits in each host rock
can be divided into unoxidized and oxidized groups that
generally correspond to primary and secondary minerals.
Minerals in the Westwater Canyon Member of the Morrison
Formation, however, can be divided into two groups of un-
oxidized minerals and two principal groups of oxidized
minerals.

Coffinite and uraninite are the most important unoxidized
uranium minerals in each of the host rocks. The suites of
secondary uranium minerals can vary a great deal, depending
in part on local concentrations of vanadium, carbonate, and
sulfate ions.

Although the mineral assemblages of the deposits show
wide differences in detail, there is an overriding similarity.
This similarity may be of even greater importance than the
differences when the geochemistry of the deposits is
considered.

INTRODUCTION

Uranium deposits in the Grants mineral belt* (Hilpert and
Moench, 1960) occur in a strip nearly 100 miles long and 20
miles wide that extends from near Gallup on the west to
Laguna on the east. The deposits extend stratigraphically from
the Todilto Limestone of Late Jurassic age to the Dakota
Sandstone of Early and Late Cretaceous age. As might be
expected, such widespread geographic distribution with such
variation in host rocks has resulted in considerable diversity in
the mineral assemblages found in the various deposits. This
paper discusses briefly these mineralogies within the
knowledge of presently available data.

The mineralogy of deposits in the Westwater Canyon
Member of the Morrison Formation, as discussed in this
paper, is based largely on studies made by the writer, and it
is given the greatest emphasis. For the mineralogy of de-
posits in other stratigraphic units, it was necessary to rely on
various sources of information.

Most of the mineral specimens from the Westwater Canyon
Member, on which parts of this paper are based, were col-
lected by the writer or E. S. Santos, but some were donated by
Robert Smith, Walter Gould, David Smouse, and other mining
geologists. Gratitude is also extended to the various mining
companies which are active in the Ambrosia Lake are for
permission to sample and to report the results.

Although the microscope has been used extensively, the
principal means of mineral identification has been by X-ray
diffractometer or powder patterns. Many of the minerals,
particularly uranium and vanadium minerals, cannot be
reliably identified by optical means because of extremely
small grain size, opacity, or nondiagnostic optical parameters.
To get essentially pure monominerallic samples for
identification, it was commonly necessary to employ
techniques involving heavy liquids, magnetic separations, and
laborious handpicking. The use of an ultraviolet lamp aided in
distinguishing certain secondary uranium minerals for
handpicking from mixtures. The quality of X-ray patterns was
not always good, particularly for some of the minerals of very
recent origin on mine walls. The minerals described in this
paper, however, are believed to have been reliably identified.

In addition to the primary unoxidized mineral assemblage,
some deposits contain redistributed ore bodies which are also
composed of unoxidized minerals. Many of the deposits have
been subjected to surficial and near-surface weathering, deep
oxidation far below the present ground-water table, and recent
environmental imbalances imposed by mining both above and
below the water table. Each of these has resulted in the for-
mation of mineral groups that are, at least in part, distinctive.

In this report, mineral assemblages have been classified
according to whether the associated uranium minerals contain
reduced (U +% or oxidized (U+° uranium. Broadly, this
divides most deposits into primary and secondary (weathered)
mineral assemblages. Where data are available, however, it
has been possible to further subdivide these two classes as
shown in Table 1.

* The author and others of the U.S. Geological Survey have proposed
the term "southern San Juan Basin mineral belt" elsewhere but the
"Grants" designation is preferred locally.—V. C. K.

TABLE 1. MINERALS IN DEPOSITS IN THE WESTWATER CANYON MEMBER LISTED ACCORDING TO ENVIRONMENT

Uw~oxipizép ENVIRONMENT Ox1ip1zep ENVIRONMENT
PrEFAULT PosTFAuULT PrEMINING PosTMINING
Degp SURFICIAL EFFLORESCENT OTHER
Carbonaceous Cofhnite Tyuyamunite Tyuvamunite Zippeite Tyuyamunite 2
material Uraninite Metatyuyamunite Metatyuyamunite Zippeite-like
Cofhnite Montroseite Carnotite Carnotite Andersonite
Jordisite Paramontroseite Gray selenium Red selenium Bavlevite
Pyrite Haggite (_Tr}fi)t(:n1c1:1 ne Cryptomelane Uranopilite
Ferroselite Autunite Liebigite
Pyrite Meta-autunite Pascoite
Marcasite Zellerite Green “pascoite”
Barite1 Todorokite Red selenium
Kaolinite Gypsum Ilsemannite
Calcite ’ Thenardite
Thermonatrite
Gypsum

1. Barite is classified as unoxidized because of its close association with montroseite. : ‘
2. X-ray powder pattern has broad lines but is similar to tyuyamunite. Mineral forms under films of water flowing from mine walls.
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For complete descriptions of the host rocks and for locations
of the various mines mentioned herein, the reader should refer
to other papers in this publication.

DEPOSITS IN THE WESTWATER CANYON
MEMBER OF THE MORRISON FORMATION

UNOXIDIZED ENVIRONMENT.

Sandstones of the Westwater Canyon Member of the Mor-
rison Formation contain unoxidized uranium deposits of twc
ages and of somewhat distinctive mineral assemblages (table
2). Primary deposits were formed before the rocks were
appreciably jointed or faulted, and they are referred to as
prefault deposits (Granger et al., 1961.) Postfault unoxidized
deposits probably resulted from redistribution of the prefault
deposits, and they are therefore secondary.

The _primary, or prefault, deposits are predominantly
elongate tubular layers of ore minerals in a gangue of car-
bonaceous material which cements the sandstones. The car-
bonaceous gangue is the principal mineralogic feature that
distinguishes  prefault from postfault deposits. The
primary deposits are relatively more resistant to weathering
than the

ostfault dePosits and have been found at surface outcrops.

The mineralogy of the prefault deposits is relatively simple,
In addition to the carbonaceous material, coffinite, jordisite,
and pyrite are the dominant minerals now recognized. Much
of the selenium in the deposits seems to occur in a presently
unidentifiable form closely associated with jordisite, as de-
scribed hrein; S. Ralph Austin (1960), however, identified
ferroselite in a prefault deposit, and its occurrence may be
more common than has been realized. The form of vanadium,
which is present in anomalous amounts in most deposits, has
not been determined. It seems to occur in the carbonaceous
material, and possibly exists as a metallo-organic compound
or chelate.

Unoxidized  postfault  deposits contain___somewhat
more minerals than the prefault ores, although this may be
partly the result of easier recognition permitted by larger
grain size and less carbonaceous material among the
authigenic minerals of the postfault deposits. Coffinite is by
far the most abundant uranium mineral, but pitchblende
(uraninite) occurs locally. Vanadium minerals can be
recognized, whereas molybdenum minerals are extremely
rare or are missing. At least some of the selenium occurs as
ferroselite. Pyrite is generally about as abundant as it is in the
prefault ore, and marcasite is locally present in fractures.
Although calcite cements much of the prefault ore, it seems
to postdate the carbonaceous material in all thin sections
examined. It commonly fills fractures and much of it is later
than the postfault coffinite and montroseite, so that the only
calcite that can be reliably dated is postfault in age. Barite is
common in many fractures and joints, and it is included with
the unoxidized minerals principally because of its close
association with unoxidized minerals such as montroseite.

CARBONACEOUS MATERIAL

The carbonaceous material is an authigenic organic matter
that seems to have been introduced in a fluid state and has
remained as a precipitate or residue to form grain coatings,
interstitial cement, and fracture fillings. This material and

hypotheses concerning its origin have been discussed by
Granger et al. It is coextensive with prefault ore and seems to
be the matrix or gangue in which many of the prefault ore
metals occur. The carbonaceous material is generally uranif-
erous and contains coffinite, but where oxidized, such as in
shallow deposits exposed at the surface, the coffinite may be
destroyed and the uranium leached. Coalified fossil trunks,
limbs, and fragments of wood and grasses may also be ore-
bearing, but they are scarce relative to the vast quantities of
authigenic carbonaceous material.

Carbonaceous material is not a requisite component of post-
fault ores as with prefault ores. It is present in very low con-
centrations, however, in some samples of postfault ore. In most
places where carbonaceous material has been detected
chemically in postfault ore, it is not visible, even at high
magnifications in thinsections. Much of it must occur as stains
associated with altered minerals and clays and perhaps as
stains in coffinite.

Local asphaltic-appearing fillings in joints are probably de-
rived from nearby prefault ore bodies as they commonly are in
border-leached or oxidized zones. Some of this material is
uraniferous and contains coffinite but some is evidently
nonuraniferous.

COFFINITE

The carbonaceous material in the prefault ores yields an X-
ray pattern for coffinite except where it has been oxidized. The
coffinite is exceedingly fine-grained and it has not yet been
recognized optically in prefault ore.

Alpha tracks recorded in stripping film applied to
uncovered thinsections of prefault ore generally emanate
from the carbonaceous material. In some places, however,
they emanate from zones of brownish "dust" along the
contact between adjacent quartz grains, seemingly where no
carbonaceous material has penetrated. Also, some alpha
tracks emanate from extremely fine-grained, dark-colored
aggregates within strongly altered plagioclase grains. This
material may be coffinite, but it is not well enough defined to
be identified optically.

Coffinite in postfault ore is extremely fine-grained, but it
can commonly be recognized in thinsection and can be sepa-
rated. It forms aggregates that coat sand grains with a thin
film; more rarely it fills small interstices and partly replaces
highly altered feldspar(?) grains.

In some reasonably pure separates, the coffinite is brownish
gray, but, judging by the color of coatings on sand grains, the
coffinite may be less brown in many other samples. Brownish
gray coffinite from the Homestake—Sapin Section 15 mine
turned light brownish gray when heated to 450° C in the air
for 45 minutes; the coffinite structure was destroyed, and the
color became yellowish orange when heated to 600° C. This
material contained 0.4 percent organic carbon even though the
original ore sample, prior to separation, contained 1.03 percent
uranium and no detectable organic carbon. The gray of
coffinite may be due, in part at least, to organic matter (Fuchs
and Hoekstra, 1959).

The coffinite appears as an extremely fine-grained, reddish-
brown aggregate when strongly illuminated in thinsections.
Individual grains are generally less than 0.005 mm long and
0=1 mm across. The tiny grains all seem to be length slow and
indices are near 1.7, which is somewhat less than that for
synthetic material.
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Coffinite forming a thin, black, warty surface coating in a
fractured fragment of coalified wood was found near the
surface in the Poison Canyon mine. Desiccation joints in the
fossil wood could have formed at any time in the history of the
rock; thus, the age of the coffinite cannot be determined with
certainty. The film had a dull, earthy appearance very much
like some paramontroseite or todorokite joint coatings.

Where quartz overgrowths are present on sand grains in
postfault ore, most of the coffinite overlies the overgrowths,
but, in some instances, sparsely distributed grains of coffinite
mark the surface of the original rounded quartz grains. Cof-
finite is commonly associated with montroseite, but the para-
genetic relations are generally ambiguous. In the best
examples, it appears that montroseite needles are perched on
the coffinite layers, but, in other instances, the bases of the
needles are surrounded by coffinite. Although much pyrite in
the rocks must be earlier than postfault coffinite, in most of
the specimens that have been examined, it seems to be later
than coffinite.

PITCHBLENDE (URANINITE)

Pitchblende has been found both below the water table in the
Kermac Section 22 mine (Granger, 1960) and well above the
water table in the Mesa Top and Poison Canyon mines (Young,
1956). Evidently, it is extremely rare in the sandstones of the
Westwater Canyon, and, in all instances, it probably is a
postfault mineral. Near all known uraninite occurrences,
oxidation has destroyed some pyrite and coffinite.

Few data are available on the Mesa Top and Poison Canyon
occurrences, but the pitchblende in the Section 22 mine
occurred on the 6400-foot level (mistakenly reported as the
6450-foot level in Granger, 1960, and Granger et al., 1961) in
a vug extending along a northwest-trending fracture. Most of
the pitchblende formed a hard, black, vitreous, botryoidal crust
less than 2 mm thick on the walls of the vug and fracture. The
adjacent sandstone contained much disseminated pyrite older
than the pitchblende, and the pitchblende was overlain by
scalenohedral calcite, which was locally plated with a thin
pyrite film. Under a metallographic microscope, minute orbs of
pitchblende can be seen included in some of the calcite
immediately adjacent to the pitchblende crust, but the fractures
in the pitchblende are, in turn, filled with calcite.

VANADIUM MINERALS

Montroseite, paramontroseite, and haggite are the only low-
valent (V+3 and V+4) minerals recognized in the unoxidized
Westwater Canyon deposits, and these are found only in the
postfault ores. Vanadium clays, chlorites, and hydro-micas
may be present but have not been identified. In addition,
vanadium may well be present as a vanado-organic material in
the carbonaceous gangue of prefault ores, but the mode of its
occurrence in these ores has not yet been determined.

Paramontroseite probably occurs only as a pseudomorph
after’ montroseite (Evans, 1959), which readily oxidizes to
paramontroseite after brief exposure to the atmosphere. Speci-
mens of montroseite, even X-ray spindles of montroseite, col-
lected in deep mines at Ambrosia Lake have all changed to
paramontroseite after a few months' storage in the laboratory.
The occurrences of montroseite and paramontroseite in sand-
stones of the Westwater Canyon can, therefore, be discussed

together; montroseite and haggite are the only unoxidized
postfault vanadium minerals yet identified.

Montroseite forms fracture fillings, cement, and dissemina-
tion in the ore-bearing sandstones. As a fracture filling, it
varies in physical appearance from a firm, grayish black crust
to a velvety layer of delicate, black, acicular crystals as much
as 1 mm long oriented normal to the fracture surface. Where
rubbed, the crystals are readily crushed and smear out to a
metallic dark gray surface. The solid crusts of montroseite are
rarely more than about I mm thick and range from earthy to
botryoidal with a distinctly bladed radiating crystal structure
on broken edges. Presumably, the crusted varieties of
montroseite form where bladed montroseite has grown so
densely as to form a solid mass.

Amorphous-appearing montroseite cements sandstone un-
der the fracture surface coatings and near interfaces between
thoroughly oxidized and unoxidized rock. It ranges from a
film on sand grains to a thorough impregnation of the pore
spaces.

A characteristic feature of most postfault ore, with the ex-
ception of the Kermac Section 24 deposit, is the presence of
microscopic, single acicular crystals or radiating clusters of
montroseite perched on sand grains and projecting into inter-
stices. These blades are commonly about 0.05 mm long and
rarely exceed twice this size. Coffinite is commonly associated
with these occurrences of interstitial montroseite. A black
mineral and a medium- to light-brown mineral observed by S.
R. Austin (written communication, 1962) occur as "bow-tie"
aggregates perched on sand grains but distinct from mon-
troseite. These may be vanadium minerals but remain
unidentified.

In fractures, montroseite is commonly associated with
radioactive barite and gray native selenium. Inclusions of
montroseite in the outer zones of barite crystals and
montroseite blades perched on barite show that montroseite
started growth during the later stages of, and continued after,
barite development.

Interstitial montroseite is associated with coffinite, pyrite,
calcite, and kaolinite. Probably montroseite started to crystal-
lize shortly after coffinite and continued to crystallize after
coffinite development had ceased, as there are many places
where the relation between these minerals is conflicting. In a
few places, montroseite is perched on pyrite cubes. Calcite
surrounds montroseite and is evidently younger where they are
associated. The relations between montroseite and kaolinite are
generally not clear, but in most places kaolinite seems to
envelop the montroseite in much the same fashion as calcite.
Where quartz overgrowths occur, the montroseite generally
overlies the overgrowth.

Haggite has been recognized in the Kermac Section 10, the
Homestake—Sapin Section | 5, and, by Weeks and Truesdell (
1 958a), in the Dysart No. 1 (Rio de Oro) mine. Very likely, it
occurs in other mines.

Haggite occurs principally perched on sand grains as black,
stubby crystals a few thousandths of a millimeter across. This
nearly equidimensional shape serves to distinguish it from the
more elongate montroseite crystals with which it is generally
associated.

Haggite also occurs as a black coating on sand grains near
oxidized joints, suggesting that vanadium in the joints was
redistributed under oxidizing conditions and precipitated as
haggite near the margin of the oxidized zone.
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By inference, haggite may have about the same paragenetic
relations as montroseite, but the few samples in which haggite has
been identified have been unsatisfactory for such study.

JORDISITE

Amorphous black material which gives molybdenum-rich
sandstone a jet-black or dark brown color is believed to be
jordisite. It is probably identical with the jordisite described by
Staples (1951) from Clackamas County, Oregon, but it has not
been positively identified because it is very fine-grained or
amorphous, difficult to separate, and gives no X-ray pattern.

Jordisite-rich sandstone in the Westwater Canyon occurs
either as elongate rounded zones, as much as several feet long,
within or adjacent to the uranium ore layers or as more ir-
regular, ill-defined zones that commonly "feather out" along
cross-bedding and occur both above and below ore layers.

Jet-black jordisite seems to be the dominant type, and the
brown varieties may be the result of alteration or of associated
organic matter. Some of the jordisite-rich sandstone contains
significant amounts of carbonaceous material which is ordi-
narily uraniferous. Much of it, however, is nearly carbon and
uranium free, even though it may occur only inches from a
carbon- and uranium-rich prefault ore layer.

Jordisite occurs almost exclusively with prefault ores. Most
postfault uranium ore bodies, in fact, contain no detectable
molybdenum. If the postfault ores were derived by redistribu-
tion of prefault ores, molybdenum must have been lost in the
process.

In thinsections, jordisite is seen as tiny, ragged-looking
grains less than 0.001 mm in diameter which coat the sand
grains. Their aspect in different thinsections ranges from
opaque black to dark brown. In many places, jordisite cannot
be distinguished unequivocally from carbonaceous material
under the microscope.

Many samples that are rich in jordisite are also rich in
selenium. The Se: Mo ratio, however, is quite inconstant. The
form in which selenium occurs in these samples is not yet
known.

Paragenetic relations of jordisite are not readily defined be-
cause jordisite is easily confused with carbonaceous material
and, perhaps, with other black, opaque constituents. Although
no jordisite has been seen coating pyrite, areas where pyrite
impinges on the sand grains seem to be free of jordisite. They
may have formed simultaneously. Pyrite associated with cal-
cite and other late minerals is much later than jordisite.

In the Marquez mine, jordisite is older than quartz over-
growths (Randall Weege, oral communication, 1959). Else-
where, except for one thinsection from the Bucky No. | mine,
thinsections generally show jordisite coating quartz over-
growths where both are present.

FERROSELITE

Ferroselite has been found in two localities at Ambrosia Lake,
but very likely it is more widespread. Determined efforts to isolate
it in other places would probably prove fruitful.

In the Homestake—Sapin Section 15 mine, ferroselite coats
scalenohedral calcite crystals that project into a fracture; hence,
ferroselite is here classed as a postfault mineral.

In the Section 15 mine, bright, metallic, silvery, prismatic or
rod-shaped crystals of ferroselite are set in, and project

from, a matrix of claylike material. The aggregate forms a
coating on the calcite crystals less than 0.3 mm thick in which the
ferroselite crystals are more abundant near the surface of the
aggregate than near the calcite.

X-ray patterns of the claylike matrix establish the presence
of major goethite and very minor quartz. The admixture of
fine-grained goethite with the ferroselite gives the mass a
yellowish cast which resulted in a description (Granger et al.)
crediting ferroselite with a pyritelike, metallic-yellow color.

The other reported occurrence of ferroselite is in the Mar-
quez mine where S. Ralph Austin identified it by X-ray
methods in a black ore sample with a high molybdenum con-
tent. This ferroselite must be prefault in age because it is
associated with jordisite and because no postfault ore is known
in the Marquez mine.

PYRITE AND MARCASITE

Pyrite is generally plentiful in both prefault and postfault
ores, but marcasite seems to be present only in faults and
fractures. Where pyrite is disseminated in the ores or in
barren sandstone, it is generally difficult, if not impossible,
to distinguish prefault from postfault varieties. Pyrite that is
earlier than carbonaceous material in a prefault ore body is,
of course, also earlier than the faults. In addition, it is arbi-
trarily assumed that inclusions of pyrite in highly altered
detrital grains and pyrite replacements in mudstone and
coalified wood are also prefault, although direct proof may
be lacking.

Prefault pyrite occurs both as disseminated discrete grains,
many of which are nearly euhedral, and aggregates of anhe-
dral grains. Pyrite enclosed in carbonaceous material is cor-
roded(?) and generally anhedral, but subhedral cubes have
been noted. Most grains are smaller than fine sand. Highly
altered, unrecognizable detrital grains commonly contain
myriads of tiny, discrete, euhedral cubes of pyrite, suggesting
that the altered mineral was originally iron rich.

Pyrite in mudstone is commonly euhedral, and the cubes
locally attain a size of 0.5 cm on a side. In addition, masses of
anhedral pyrite and subhedral aggregates that face into small,
curved fractures have been noted. These fractures may have been
caused by compaction or by forces related to the swelling of
montmorillonite in the mudstone rather than by faulting.

Most of the pyrite in coalified wood is along discontinuous
fractures and small solution cavities. It is commonly subhedral
to anhedral. Anhedral to euhedral pyrite also forms minute
discrete grains that partly replace the cell walls in some
specimens.

Postfault pyrite occurs both in joints and fractures and is
disseminated throughout the sandstone. The disseminated
pyrite may be difficult to classify, but, where rocks adjacent to
a fracture contain more pyrite than at some distance away, it
seems obvious that the pyrite is later than the fracture. The
disseminated postfault pyrite seemingly has no distinctive
characteristics that aid in distinguishing it from prefault va-
rieties, although the sparse occurrence of octahedrons or
octahedral faces may be a criterion.

In fractures, pyrite generally occurs sporadically as drusy
aggregates and porous masses. The grain size rarely exceeds
0.5 mm, and the smallest grains are microscopic. Cubes,
octahedrons, and combinations of these are the most common
crystal forms. Very rare modifications of octahedrons by mi-
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nute pyritohedral faces have been noted, but no well-formed
pyritohedrons are present.

In a few places, such as the Kermac Section 23 and the
Poison Canyon mines, relatively late-stage coatings of pyrite
give a gold-plated appearance to calcite crystals which project
into cavities along the fault and fracture zones. Under the
metallographic microscope, the pyrite shows no well-devel-
oped crystal forms and appears to be a very thin micro-
botryoidal film with a somewhat scaly surface. X-ray patterns
show that minor marcasite accompanies the pyrite.

Marcasite has been noted only in fractures, and it is gen-
erally associated with pyrite. Locally, however, areas within a
fracture are filled with a monominerallic aggregate of mar-
casite grains. Marcasite crystals are generally subhedral with
poorly to well-developed (00 ) and (I I 0) faces. Typical grains
are either nearly equidimensional with prominent (001) faces
or are tapering, prismlike forms either lying parallel to the
joint surface or projecting outward. Ordinarily, the grains are
no more than 0.5 mm in their longest dimension, but larger
ones have been noted.

Pyrite and marcasite seem to be very poor index minerals
for determining paragenetic relations as they evidently formed
at several different stages in the history of the rocks. For the
most part, pyrite preceded calcite in deposition. Fracture walls
are commonly coated with a drusy surface of pyrite and the
remaining space is filled with calcite. Where postfault pyrite is
disseminated in the sandstone, it seems also to be earlier than
montroseite, which is perched on the pyrite grains in places.
Although very obscure, the relations between postfault cof-
finite and pyrite generally indicate that the coffinite preceded
postfault pyrite. In the one example available, pitchblende was
deposited after most of the pyrite, but a little pyrite was
deposited on calcite grains that followed the pitchblende
deposition. Kaolinite is later than pyrite wherever a relation
was observed.

CALCITE

Calcite occurs as a cement in the sandstone, as a fracture
filling, and as limestone associated with mudstones. Only
where it fills a fracture can calcite be reliably dated as post-
fault. On the other hand, there is no good evidence for the
existence of prefault calcite, with the exception of the lime-
stone layers which are considered to be syngenetic with the
enclosing rocks.

In the Black Jack No. | mine, and in a few places elsewhere,
large, rounded, calcite-cemented concretions, as much as sev-
eral feet across, occur in the barren sandstone. These could be
of any age, as no relation to faults or features of known relative
age has been noted.

A variety of prefault ore, locally termed "mottled ore," may
have been controlled in part by pre-existing calcite in the host
rock. Mottled ore forms zones as much as a few feet across in
and at the margins of black, prefault ore layers. It is
characterized by many irregular, rounded, unmineralized spots
from a few millimeters to 1.5 cm across. Although the entire
rock is now usually calcite-cemented and calcite grains pass
indiscriminately across the boundary between barren rock and
ore, it is believed that these barren spots may represent
sandstone that was partly calcite-cemented at the time the
carbonaceous material was deposited.

Calcite commonly cements the first few inches or feet of

sandstone directly overlying a mudstone layer. It is locally an
abundant cement in and adjacent to prefault ore layers. Large
"poikiloblastic” grains range in size from a few millimeters to
as much as 4 by 6 inches where exposed on the mine walls;
that is, the calcite cement forms a mosaic of large, optically
continuous crystals that include many sand grains. At the
outcrop, calcite-cemented sandstones commonly weather to a
knobby surface, and, in some places, round "marbles” of cal-
cite-cemented sandstone are scattered on the surface. In all
thinsections examined, calcite cement fills the interstices that
remained after the carbonaceous material coated the sand
grains. Perhaps, therefore, all the poikiloblastic calcite cement
now seen is postfault.

Calcite is common as a discontinuous and partial filling in
many joints and fractures. Locally, it completely fills some
openings, but, ordinarily, scalenohedral crystals not more than
2 or 3 mm long form a drusy surface.

Calcite crystals with rhombic faces forming a thin coating
on the walls of fractures have been noted only in the Home-
stake—Sapin Section 15 mine. They are in limonitic sandstone
in which all of the pyrite has been oxidized. Very likely, the
calcite was deposited after the oxidation, for the acidic en-
vironment produced during oxidation would probably have
dissolved any calcite present. Generally, calcite is absent in
fractures in oxidized rock.

It should be re-emphasized that there is no reliable
evidence that any of the calcite in the rock, other than in
limestones, is prefault in age. The mobility of calcite makes
it even less of a satisfactory index mineral for paragenetic
relations than pyrite.

BARITE

Prefault barite is quite scarce or missing, and it has no
diagnostic features. Barite that is inferred to be prefault in age
occurs as amber crystals associated with pyrite in siliceous
coalified wood in the Kermac Section 30 mine, as a few
grams o white crystals in a cavity in a mudstone boulder in the
Marquez mine, and as sparse amber blebs as much as 2 inches
across in mudstone in the Kermac Section 33 mine.

Most barite is postfault, and all radioactive barite is post-
fault. With one exception, all the postfault barite seems to
occur as small euhedral to subhedral crystals in joints and
small fractures. The exception noted was a mass of several
tens of pounds of coarsely crystalline, white to clear,
anhedral, vuggy barite in a fault zone in the Kermac Section
22 mine. Some of the exposed crystal faces were sparsely
coated with limonite-stained tyuyamunite, but the barite itself
was not radioactive.

The small plates of barite and radioactive barite, common in
joints and fractures of postfault ore deposits, are generally less
than 2 mm across, but they can be as much as 5 mm on the
edge. They range from yellowish white through clear and
cloudy amber to brown, and many are prominently zoned. The
radioactive barites are radioactive only near the surface of the
outer zone.

Barite generally predates other minerals with which it is
closely associated, except for calcite that seems to have been
deposited concurrently in places. Montroseite, in some places,
started growth during barite deposition, but where both are
present, most of it seems to overlie barite. Gray native selen-
ium is later than barite, and, locally, a little pyrite was depos-
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ited after barite. Very likely, however, the strongly colored
barite was derived from iron sulfate solutions formed by the
oxidation of pre-existing pyrite.

KAOLINITE

Kaolinite in the Westwater Canyon has three distinctly
different modes of occurrence of at least two different ages,
none of which can be directly related to uranium ore occur-
rences. Most common are spotty, rounded aggregations of
kaolinite referred to as "nests" by Knox and Gruner (1957) and
others. These are scattered discrete zones as much as 2 cm
across in which all the interstices within the sandstone are
filled with kaolinite. Where best developed, these nests are
only a few centimeters apart in coarse-grained sandstone and
average about 1 cm in diameter. In fine-grained sandstone,
where carbonaceous material or other clay minerals partly or
completely fill the interstices, the nests may be missing or only
a fraction of a millimeter in diameter.

It is very improbable that the kaolinite was derived from
nearby altered feldspars. In general, the K-feldspars in the
sandstone are not highly altered. The calcic plagioclases are
commonly altered, but, generally, they are altered to sericite
(Knox and Gruner) or other minerals, suggesting that the
alteration may have occurred prior to sedimentary deposition.
Altered feldspars are, in many instances, partly replaced by
carbonaceous material which everywhere sems to be earlier
than the kaolinite. Austin relates the kaolinite to nearby altered
feldspars but notes the difficulties of interpreting conflicting
relationships in these sandstones.

Probably closely related to the kaolinite nests are fractures as
much as 5 mm wide filled only with kaolinite. Most are short
joints in partly coalified wood fragments; kaolinite in joints in
sandstone is less common.

Kaolinite nests, and probably the fracture fillings also,
seem to be late in the paragenetic sequence. They are later
than carbonaceous material, most, if not all, pyrite, and mon-
troseite. The relation with calcite is indeterminate in most
places, and calcite and kaolinite may be nearly contempora-
neous. Knox and Gruner state that calcite is ordinarily later
than kaolinite although, locally, the reverse may be true.
Most weathering effects seem to have occurred later than the
kaolinite nests, but, in a few places, kaolinite is unstained by
surrounding disseminated hematite.

Kaolinite is locally abundant in the Westwater Canyon
Sandstone Member where it is overlain by the Dakota Sandstone,
particularly where the basal part of the Dakota contains coal or
carbonaceous shale (Granger, 1962).

OTHER MINERALS

Other alteration and authigenic minerals, in addition to
those already described, occur in the Westwater Canyon, but
they are rarely closely related to the uranium deposits. Among
these are several iron and titanium minerals that were very
likely derived from the destruction of heavy, black, opaque
detrital minerals in the sandstone. Alteration of the sandstone
is more thoroughly discussed by S. R. Austin.

OXIDIZED ENVIRONMENT

Oxidized minerals that were formed before mining was
initiated in the Westwater Canyon Member compose a group

that is essentially distinct from minerals that have formed
within the mine workings. The premining minerals are gen-
erally of moderate to low solubility in ordinary ground waters,
whereas the postmining minerals are, for the most part, efflor-
escent minerals that dissolve readily in water, particularly acid
water. To some extent, the premining minerals can also be
divided into two groups based on their position relative to
near-surface weathering. These groups, however, overlap each
other, and the differences may lie partly in sampling rather
than in actual differences in the assemblages.

Oxidized uranium minerals that have been identified in the
Westwater Canyon consist of vanadates, carbonates, sulfates,
and phosphates. For descriptive purposes, the uranium minerals
will be discussed in terms of these groups, although the
environments in which they occur may not be mutually
exclusive.

URANIUM VANADATES

Tyuyamunite and metatyuyamunite are common constit-
uents of oxidized parts of several deposits, particularly of the
postfault deposits. These minerals predate the mining, but a
tyuyamunite-like mineral has also been seen which formed
after the mining was commenced. All are a bright yellow but
tend to acquire a faint orange cast on prolonged exposure.

There is no distinctive difference in habit between
tyuyamunite and metatyuyamunite, and it is presumed that
they change, one to the other, under the influence of changes
in the humidity. As shown by X-ray examination, samples
from below the water table commonly contain a predominance
of tyuyamunite, whereas samples from above the water table
generally contain more metatyuyamunite.

Tyuyamunite and metatyuyamunite have several modes of
occurrence: They are disseminated throughout the sandstone
where postfault ores are extensively oxidized, they coat fracture
surfaces where the earlier montroseite filling is oxidized, and they
impregnate the sandstone adjacent to and in zones of
cryptomelane accumulations.

In fractures, these minerals commonly form a crust, about 0.25
mm thick, of closely packed micaceous flakes generally oriented
normal to the fracture surface.

Small plates of disseminated tyuyamunite and metatyuya-
munite about 0.2 mm on a side and 0.02 mm thick occur
singly or as aggregates in the interstices among sand grains in
oxidized rocks, particularly postfault ore, in which the pyrite
has been converted to limonite or hematite. Disseminated
tyuyamunite and metatyuyamunite also are associated locally
with accumulations of cryptomelane in either mudstone or
sandstone.

A very fine-grained, earthy yellow, tyuyamunite-like min-
eral developed on the mine walls in parts of the Kermac Sec-
tion 22 mine shortly after the workings were opened. It
formed in the interstices of the sandstone at the exposed
surface, and for several inches into the rock, under films of
water that drained from large postfault ore bodies. The X-
ray powder pattern of this material is similar to the
tyuyamunite pattern, but the lines are broad, and the
intensities and some of the spacings differ considerably from
the standard patterns of tyuyamunite.

Carnotite is a comparatively scarce mineral in the West-
water Canyon deposits. In the Kermac Section 22 mine, a
small amount of well-crystallized carnotite was found about
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feet below the ground-water table in a generally faulted area.
A fracture surface was sparsely coated with aggregates of
crinkled, medium pale yellow flakes with adamantine luster
oriented normal to the surface. This is the only known oc-
currence of carnotite in the Westwater Canyon below the water
table.

Three other samples containing carnotite have been col-
lected from deposits that are at or near the outcrop and well
above the water table. In the Poison Canyon mine, powdery
yellow carnotite fills joints in the silicified core of a partly
coalified fossil log. In the Alta mine, about 6 inches below the
top of the ore-bearing sandstone, is a layer that is inter-
mittently cemented by cryptomelane. Carnotite is abundantly
disseminated in the cryptomelane, in places, but is commonly
not readily apparent. In the Dakota mine, mixed carnotite and
tyuyamunite are sparsely disseminated throughout highly
oxidized rock containing yellowish brown to red goethite.

Paragenetically, tyuyamunite, metatyuyamunite, and car-
notie form at any time during oxidation. In most places,
they are not closely associated with other oxidized minerals
with the exception of iron oxides. Where relations have
been observed, tyuyamunite and metatyuyamunite are
perched on and are later than barite. They are about the
same age as cryptomelane and are, at least in part, earlier
than native gray selenium, which is locally perched on
tyuyamunite grains.

URANIUM CARBONATES

Andersonite, bayleyite, liebigite, and an undescribed min-
eral, "zellerite" (R. G. Coleman, written communication), have
been identified in the Westwater Canyon rocks. Several other
minerals associated with these uranium carbonates remain
unidentified. These may be new minerals and will not be
described here.

Andersonite, which is probably the most abundant uranium
carbonate in the district, forms clear, light green crystals and
aggregates with a bright yellow-green fluorescence. All ob-
served occurrences of andersonite have been on mine walls
where it forms a discontinuous fine-grained coating of minute
semirounded aggregates less than 1 mm across that coalesce
with other such aggregates to form a warty surface. It is
commonly associated with thenardite.

Bayleyite was identified in only one sample from the
Homestake—Sapin Section 23 mine, but it may be more
prevalent. It forms a light yellow crust with a somewhat warty
surf arce on the mine wall. Apart from a few grains of admixed
andersonite that fluoresce brilliantly, most of the bayleyite
crust has only a weak fluorescence under long-wave ultraviolet
light and is nonfluorescent under short-wave light. The crust is
composed of a matte-like aggregate of extremely small,
unoriented, hairlike fibers less than 0.5 mm long.

Liebigite has been identified in only one sample from the
Kermac Section 22 mine. The liebigite is a bright yellow-green
with a greenish fluorescence, and it forms a thin efflorescent
crust composed of an aggregate of very small crystals
immediately intergrown with gypsum.

The mineral "zellerite" is a uranium carbonate that has
tentatively been named and described from an occurrence in
the Gas Hills, Wyoming (R. G. Coleman, written communi-
cation). The four strongest lines on the X-ray pattern of a
seemingly identical mineral from the Alta mine have d-values
(A) of 9.12, 3.80, 4.72, and 4.29. In contrast to the other

uranium carbonates, “zellerite" is a premining mineral that
occurs as a very fine-grained aggregate intergrown with gyp-
sum in bedding-plane fractures. It also forms thin, warty,
microbotryoidal crusts and minute hemispherical aggregates in
openings along these fractures. "Zellerite" is yellow with a
pale greenish yellow fluorescence.

URANIUM SULFATES

Zippeite and zippeite-like minerals are the most common
uranium sulfates in the sandstones of the Westwater
Canyon but uranopilite has also been recognized. All the
uranium sulfates seem to have formed after mining was
initiated. They are formed on mine walls in both pre- and
postfault deposits but are most common on high-grade ore
in prefault deposits.

Zippeite typically forms minute "pincushions™ consisting of
hemispherical aggregates of radiating needles. These are
generally less than 0.5 mm in diameter and locally coalesce to
form a bright yellow to orange-yellow, earthy-looking coating
or crust. Most zippeite is nonfluorescent or has a weak yellow
fluorescence.

A zippeite-like mineral with X-ray pattern identical to that
of a uranium sulfate in the Happy Jack mine, Utah (Frondel,
1958, p. 146), is about as abundant as zippeite and commonly
occurs mixed with zippeite. In contrast to zippeite, this min-
eral appears to form unoriented flaky aggregates in which the
individual crystals are of clay-particle size. It also forms
earthy yellow crusts composed of coalesced hemispherical
aggregates of minute grains. Fluorescence is variable from
sample to sample and ranges from nonfluorescent to bright
yellow-green.

Both zippeite and the zippeite-like mineral are commonly
associated with clear to white and brownish efflorescent
micro-crystalline aggregates that have not been identified. For
the most part, they seem to be sulfates, largely iron sulfates,
but the X-ray patterns differ from place to place and do not
seem to match the standard patterns of common minerals.

Uranopilite has been identified in only two mines (table 3),
but it looks so much like zippeite that it may have been over-
looked elsewhere. It is lemon yellow to greenish yellow and is
generally a brighter hue than zippeite. It fluoresces a brilliant
greenish yellow. The efflorescent coatings of uranopilite
consist largely of scattered hemispherical microcrystalline
aggregates with a finely felted to claylike appearance, similar
to zippeite.

URANIUM PHOSPHATES

Uranium phosphate minerals are rather scarce in the West-
water Canyon rocks, in spite of the fact that they were among
the first oxidized uranium minerals recognized. A mineral at
the Blue Peak mine first believed to be schroeckingerite
(Towle and Rapaport, 1952) was later identified as meta-
autunite (Gruner, Gardiner, and Smith, 1954). Both autunite
and meta-autunite have now been identified from this locality
and at the Poison Canyon mine, but they are not known to
occur elsewhere in the Westwater Canyon. Both localities are
at or near the outcrop in the so-called "Poison Canyon sand-
stone" of Zitting et al. (*957, p. 55, 57).

Frondel implies that meta-autunite forms only by dehydra-
tion of autunite, which can take place at or near ordinary
conditions of temperature and humidity. Perhaps, therefore,



Georocy anp Tecunorocy oF THE Grants Uranrum Recion

Table 3.--Authigenic minerals in deposits in the Westwater Canyon Member, listed by locality

: T
% 810 180l Ls) | Feboleldl | (8], [slslel: ;
| o O MBS
AR RAE B
RS PR R
Kermac Sec, 10===== | C x|v|x|v v
b SR c|x v v
e X|x|[x|x x x v v v|v|x
2lhenmen | €
1 ew— 1 X v 7|V
33-mmm- | C v v
Phillips' Sec, 28-- | ¢ |X X v|v v
k== | € v
36-- | C|X x
Doris No. 1-- | C X X v
Isabellammmm= X v t|v
Homestake Sec. 15-- | C|X| |[X|X X X|x|x|x X|x|v|x
23-- [ C|X| |X|X X X v v V|V
25-- | €
32-- | C ' v
32-29-- | C v|v
Dysart No, le--==== cr/ XX x5/ |v|v|V v
Bucky No. lem-mames c X|x v|v
Mary NO. lemememcas v
V.C.A, mine=~emmem= | C viv
Hoganem=mn=mmmmmem= [ C| X X v
Dog o, lemm=smme== | C v|v
PR T — D ¢ x vIivE/[x|v|x
San Mateommmmmm=ma= o
Rialto=m==mmmmmeu=e | C
Mega TOp=m=mmmn=nn - | o/ 3/ X viv
Poison Canyon------ clx|3/|8/ B/ | X X|x v v X v
Blue Peak---mmmm==== | C[4/| |4/ X|x 1
DAkOta-me=nmmmcanman 4 X
TS AR X
AT m— |V B 'V I B¢ X
Black Jack No, l-=- | C X|x X v v
Church Rock====s=== | C
Identification was by recognition (V), X-ray pattern (X), or chemical means (C).
References are listed for minerals not identified during this study.
1/ Gruner, Gardiner, and Smith, 1954 4/ Konigsmark, 1958
2/ Young end Ealy, 1956 5/ Veeks and Truesdell, 1958a

3/ Young, 1956 6/ hAustin, 1960




30 NEW MEXICO BUREAU OP MINES AND MINERAL. RESOURCES

the collected samples of meta-autunite were actually autunite
at or shortly before the time of collection. All the autunite
seems to have formed before mining was commenced.

At the Blue Peak deposit, autunite largely occurs associated
with mudstone. Two modes of occurrence have been noted. In
the first of these, the autunite forms bright yellow micro-
crystalline blebs, less than z mm across, completely embedded
in gypsum, which fills bedding-plane fractures about 5 mm
thick in mudstone layers.

In the second mode of occurrence, autunite forms bright
greenish yellow, rounded, wafer-thin plates on the surface of
joints in mudstone. The plates are composed of fanlike ra-
diating aggregates, 2 to 8 mm in diameter and only about 0.10
mm thick, of small micaceous autunite grains.

At the Poison Canyon mine, autunite occurs as scattered,
clear green platy flakes on the surfaces of fractures in the
coalified rind of a partly silicified fossil log in an open cut
quite near the original surface outcrop.

The various samples of autunite fluoresce a brilliant green
to yellow green, whereas the mixed samples of meta-autunite
fluoresce paled greenish yellow to yellow.

VANADIUM MINERALS

With the exception of the uranium vanadates, the only
highly oxidized vanadium minerals identified in the deposits
are various forms of pascoite. Yellow, orange, blue, and green
stains, however, are quite common on the mine walls, partic-
ularly in postfault ore bodies, and many of these are known to
be caused by vanadium compounds.

Pascoite generally occurs as earthy, orange, efflorescent
coatings and brittle crusts on the mine walls. More rarely, it
occurs as dark brown radiating aggregates made up of minute
granular crystals. The minute crystal faces are oriented in such
a way that areas as much as 2 cm long on the mine wall seem
to be made up of a single crystal face. These composite faces,
in turn, form radiating fan-shaped clusters. Both the orange
and brown varieties of pascoite produce a yellow powder
wherever they are scratched or pulverized.

A pascoite-like mineral, referred to as green pascoite
(Granger et al.), has been noted in a few places and ordinarily
forms small scattered excrescent aggregates of olive-green
crystals associated with orange pascoite on the mine walls.
Some of these have grown under a bubble-like covering on
typical orange pascoite.

Some vanadium compounds form a blue stain on mine walls
in postfault ore bodies where the vanadium to uranium ratio is
relatively high. The color is similar to the blue of ilsemannite,
but no molybdenum is present.

SELENIUM MINERALS

Oxidation of reduced selenium minerals commonly results
in the release of native selenium which occurs in two forms,
gray and red. Gray native selenium is common in some of the
deposits in premining oxidized environments. Red native se-
lenium, however, occurs almost exclusively as a surficial stain
on mine walls.

Gray native selenium occurs largely in fractures from well
above to at least 200 feet below the premining ground-water
level. It forms needles as much as about 1 c¢cm long, but
generally they are much shorter with a remarkably uniform

cross section about 0.02 mm in diameter. Megascopically, the
needles are metallic steel gray. Under medium-power magni-
fications, the needles are black to metallic gray in reflected
light and black opaque in plane polarized transmitted light.
However, under crossed nicols and in strong illumination, they
are ruby red on the edges.

In open spaces, gray native selenium generally forms a
velvety mass of needles oriented normal to the surfaces on
which they grow. Locally, septa of short crystals connect the
fracture walls, and longer crystals grow outward from the
septa subparallel to the fracture.

The sandstone typically is strongly oxidized close to gray
native selenium, and concentrations of gray selenium are
greatest just beyond the oxidation front. An exception was
noted in the Marquez mine where native selenium forms a
bright, silvery, metallic film streaked in the direction of move-
ment along randomly curved fracture surfaces within mud-
stone galls (see also Sun and Weege, 1gs5 There was a little
red selenium stain but no limonite or hematite in the sample
collected, and none was noted in the nearby rocks.

Gray native selenium commonly occurs alone but may be
associated with barite, which is earlier, or calcite. Specimens
from a fault zone in a postfault ore body in the Poison Canyon
mine contain selenium needles perched on barite plates that are
in turn perched on scalenohedral calcite crystals. Elsewhere in
the same fault, the calcite crystals are plated with a thin film of
pyrite and marcasite.

Red native selenium occurs as an efflorescent stain that
colors exposed rock surfaces. Most of it is found on mine
walls; hence, it probably developed after mining. The identi-
fication is based on color, which is a little brighter than most
hematite, the qualitative presence of selenium, and the fact
that one form of native selenium is red. The red film is too
thin to separate for study, and some of it may actually be a
selenium salt.

The red native selenium is not generally associated with
gray selenium, but it develops in ill-defined areas not readily
related to distinctive lithology, stratigraphy, uranium ore, or
fracturing. Its abundance near the ferroselite occurrence in the
Homestake—Sapin Section 15 mine suggests that it may be
derived from oxidized ferroselite.

MANGANESE OXIDES

The manganese oxides, cryptomelane and todorokite, have
been identified in the deposits but are generally not abundant.
Cryptomelane is not readily distinguished from psilomelane
except by X-ray means. X-ray patterns of samples from the
Westwater Canyon deposits seem to match cryptomelane. In
addition, the material is seen to be crystalline in polished sec-
tion, whereas psilomelane generally appears to be amorphous
(Ramdohr, 1956). Both cryptomelane and todorokite are black
and opaque, but cryptomelane mostly forms a cement in
sandstone or replaces mudstone, whereas todorokite occupies
fractures. Cryptomelane is relatively abundant in the Alta mine
where it forms a layer of cement in sandstone about six inches
below mudstones of the Brushy Basin Member. The sandstone
is strongly oxidized above the cryptomelane layer and only
partly oxidized below it. The cement is heavy, black, and
massive appearing, but small, disseminated voids contain
carnotite and metatyuyamunite, making it seem that the
cryptomelane is radioactive.
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Most other occurrences of cryptomelane are in mudstone
galls embedded in partly oxidized sandstone. The cryptome-
lane partly replaces the mudstone in a zone that separates
the unoxidized core of the mudstone gall from the oxidized
rind. It forms irregularly shaped patches and occurs along
short fractures. Some of this cryptomelane is highly radio-
active, but, as the uranium content is negligible, it is
assumed that radium is the cause of most of the radioactivity
(Granger, 1963).

In the Phillips' Cliffside mine, nonradioactive cryptomelane
fills very narrow fractures in a well-oxidized fault zone about 000
feet below the ground-water table.

Todorokite has been found only in the Doris No. 1 mine
where it forms coatings on fracture surfaces in a fault zone
about 100 feet beneath the surface. As most of the sandstone
within the mine is partly oxidized, the todorokite may be the
result of near-surface weathering. The todorokite consists of
concentric-shelled pisolitic aggregates, mostly less than 0.05
mm in diameter, clustering into a velvety black, micro-
botryoidal crust that coats the fracture surface. The interior
of the crust is dull dark gray to black.

OTHER OXIDIZED MINERALS

The only other oxidized minerals of any consequence iden-
tified to date are thenardite, thermonatrite, and gypsum.
Several efflorescent minerals remain unidentified, but some of
these seem to be iron sulfates in various states of hydration.

Thenardite is quite common in well-ventilated parts of
mines below the water table where seepage is significant but
balanced by evaporation. It forms white crystalline crusts and
delicate lacy accumulations, as much as one inch thick, made
up of interconnected needlelike crystals. By the time the
samples have been returned to the laboratory for analysis, the
clear to white crystals have become a white powder, and it is
likely that the mineral found underground is a hydrated form
of sodium sulfate rather than thenardite.

Thenardite is associated with andersonite and, perhaps, other
uranium carbonates, unidentified iron sulfates (?), and
thermonatrite. The thermonatrite was mixed with, and was not
distinguished from, the thenardite in the field.

Gypsum is abundant in near-surface deposits, particularly in
mudstones, as a premining product of weathering. It locally
forms typical selenite crystals, which weather out on the
surface of the Brushy Basin Member, and also forms columnar
fracture fillings, in which the columns are oriented normal to
the fractures. Most of the gypsum-filled fractures are bedding-
plane fractures, as much as an inch or so wide, in mudstone
lenses in the Westwater Canyon Member and in the Brushy
Basin Member.

Although gypsum is abundant as a premining mineral near
the surface, it is rare or absent in the deeper deposits. Most
of the gypsum identified in the deep deposits in the West-
water Canyon Member occurs as efflorescent coatings on
mine walls or as interstitial crystals in the sandstones within
the first few inches back from the wall surface. Efflorescent
gypsum, like many of the efflorescent uranium minerals,
occurs as microbotryoidal crusts composed of coalesced
hemispherical aggregates of minute clear crystals perched on
the mine walls.

DEPOSITS IN THE JACKPILE SANDSTONE
(OF ECONOMIC USAGE)
MORRISON FORMATION

UNOXIDIZED ENVIRONMENT

Most uranium deposits in the Jackpile sandstone (of eco-
nomic usage) are tabular elongate masses of sandstone ce-
mented by uraniferous carbonaceous material quite similar in
most respects to deposits in the Westwater Canyon. At least
one deposit, however, the Woodrow, is controlled by a
cylindrical collapse structure and differs both in shape (Hilpert
and Moench) and mineralogy from typical sandstone deposits
in the mineral belt. The mineral assemblages are, therefore,
distinguished for comparison (table 4).

The dominant unoxidized uranium mineral in both the
tabular deposits and the Woodrow deposit is coffinite
(Moench, written communication, 1963). Most of the coffinite
is finely disseminated on a submicroscopic scale in the car-
bonaceous material that impregnates the sandstones and in
coalified wood fragments. Rare, relatively coarsely crystal-
lized, fibrous, spherulitic coflinite was found in a vug in the
Woodrow deposit (Moench, 1962).

Uraninite, although subordinate to coffinite, has been found
in most deposits in the Jackpile sandstone. Nearly all speci-
mens that contain coflinite also contain a little uraninite
(Moench, written communication, 1963). Most of the coffinite
although the X-ray powder patterns of coffinite are character-
istically sharp, the uraninite lines are diffuse.

The deposits in the Jackpile sandstone, where uraninite
seems to be common if not abundant, may be comparable to
those in the Westwater Canyon Member, in which uraninite
occurs near partly weathered or oxidized primary coffinite.
Most of the uranium deposits in the Laguna district are oxi-
dized to some extent (Moench, written communication, 1963),
and all the samples that contained uraninite were collected
above the ground-water table. Most were collected within only
a few tens of feet beneath the outcrop. The presence of
uraninite in the Jackpile, therefore, could be related to prox-
imity to partly oxidized coffinite, as it seems to be in the West-
water Canyon deposits.

The vanadium content of the Jackpile ore is not particularly
high, and most of the low-valent vanadium may be present in
vanadium-bearing clay and roscoelite. Vanadium-bearing mica
was found in veinlets that cut strongly mineralized silicified
logs in the Jackpile deposit. Sincosite and paramontroseite (?)
were reportedly (Gruner and Knox, 1957) identified in the
Jackpile mine, but no details concerning the occurrence are
available. The vanadium content of ore in the Woodrow mine
is unusually low, and no vanadium minerals have been
recognized.

Sulfide minerals are present in all the unoxidized
deposits, particularly in the Woodrow deposit. Pyrite is
generally most abundant, but marcasite concentrations have
been noted. Trace amounts of galena have been found in
both the Woodrow and Jackpile deposits.

The Woodrow deposit is apparently unique among deposits
in the Grants mineral belt in that it contains copper, zinc, and
cobalt sulfide minerals. R. H. Moench (oral communication,
1963) emphasizes, however, that these minerals are highly
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localized and that they do not markedly distinguish the
Woodrow deposit from other deposits in the Jackpile
sandstone.

Chalcopyrite is a common associate of coffinite in the
Woodrow pipe deposit and locally occurs as minute blebs in
wurtzite. Covellite, apparently altered from chalcopyrite, has
been noted. Wurtzite was tentatively identified in a polished
section of sulfide-bearing ore, and cobaltite, associated with
pyrite, was found in two polished sections of the ore.

OXIDIZED ENVIRONMENT

Most of the uranium deposits in the Jackpile sandstone (of
economic usage) are well above the ground-water table and are
oxidized to some extent. Most of the oxidized minerals are
premining minerals. Postmining minerals are not so common in
open-pit operations, such as the Jackpile mine, as they are in
underground mines.

The oxidized mineral assemblage in the Jackpile mine is
very similar to the assemblages in the near-surface
Westwater Canyon deposits near Grants. The most prevalent
uranium minerals are vanadates, but phosphates and silicates
have been recognized.

Tyuyamunite and metatyuyamunite form small concre-
tionary masses and tabular deposits in the sandstone near the
main Jackpile ore body, and presumably they were derived
during weathering of the primary ores (Moench, written com-
munication, 1963). Tyuyamunite is also disseminated in partly
oxidized primary ore bodies and occupies fractures in silicified
fossil logs, mudstone, and diabase dikes, which locally intrude
the Jackpile deposit.

Autunite and meta-autunite occur in joints and fractures in
mudstone, diabase, and silicified fossil logs. Phosphuranylite,
identified by J. R. Houston and reported by A. D. Weeks ( 1956a),
occupies joints in silicified fossil logs (Moench, written
communication, 1963).

Uranium silicates have been found in minor amounts in
the Jackpile mine. Uranophane was reported from the Jack-
pile (Gruner and Knox) and Windwhip (Gruner and Smith,
1955) deposits. Moench (written communication, 1963)
states that uranophane is locally abundant in longitudinal
joints in the chilled borders of diabase sills near and in ore
bodies.

Soddyite was identified (Gruner and Smith) in the Jackpile
mine very close to, if not in contact with, an intrusive diabase sill.
Gruner and Smith believe that this is the first occurrence of
soddyite known n sedimentary rocks, but they also note that the
occurrence ;s close to an intrusive igneous rock.

In the Woodrow deposit, oxidized uranium minerals are
common down to the ground-water table, about 100 feet below
the surface. Although minor amounts of efflorescent minerals
may have formed on the mine walls, the following discussed
mineral seemingly formed in the zone of oxidation before
mining was started. Zippeite and zippeite-like minerals
(Moench, written communication, 1963) are the most abundant
oxidation products in the typical high-grade ore, but lesser
amounts of uranopilite are also present. Sparse
cuprosklodowskite indicates the anomalously high copper con-
tent of the Woodrow ore. Weeks ( 1956a) and Moench have
also noted meta-autunite in fractures and partings in fossil

bone in the Woodrow mine. Near the outcrop, fluorescent,
uranium-bearing opal cements much of the sandstone.

DEPOSITS IN THE TODILTO LIMESTONE
UNOXIDIZED ENVIRONMENT

The primary uranium deposits in Todilto Limestone are
largely confined to the axial zones of minor anticlines which
affect the Todilto but die out in the underlying rocks. De-
posits which extend into the base of the overlying Summer-
ville Formation or the top of the underlying Entrada Sand-
stone are herein considered as deposits in Todilto Limestone.

Among the essentially unoxidized minerals which have
been identified are uraninite (pitchblende), coffinite, para-
montroseite, haggite, fluorite, pyrite, marcasite, and galena.
Occurring with the unoxidized minerals, and perhaps of
primary origin, are barite, hematite, and a vanadium clay.
Fluorite, in some deposits, is a mineral that particularly dis-
tinguishes the authigenic mineral assemblage of these de-
posits from the deposits in the Morrison and Dakota
Formations.

Uraninite (pitchblende var.) was first identified by J. W.
Gruner (Rapaport, 1952) and has been reported by nearly all
the investigators of the Todilto deposits (table 5). The non-
fluoritic ores contain colloform and finely granular uraninite
which starts along grain boundaries and veinlets in the lime-
stone and ultimately replaces the limestone grains and veinlet
walls. The fluoritic ores contain fine-grained uraninite closely
associated with the fluorite. Evidence is conflicting as to
whether or not the two are intergrown (Laverty and Gross,
1956; Truesdell and Weeks, 1960).

Truesdell and Weeks show that uraninite is paragenetically
later than most low-valent vanadium minerals, fluorite, and
some of the pyrite, which it strongly corrodes. Uraninite is
about contemporaneous with minute galena cubes and is
mostly earlier than coffinite, pyrite, marcasite, barite, and
specular hematite.

Coffinite is in relatively minor quantities in comparison to
uraninite and was not recognized by the earlier investigators. It
evidently has not been observed in ores that contain fluorite.
Truesdell and Weeks noted that coffinite coated and replaced
uraninite along shrinkage cracks and grain boundaries.

Haggite, paramontroseite, and a vanadium clay largely pre-
ceded uraninite deposition. Haggite was deposited as fine
blades and fibers along the margins of solution channels and
along grain boundaries in the limestone. Some haggite is partly
intergrown with, or replaces, paramontroseite as crystalline
rosettes and blades. The vanadium clay, in some places, forms
nearly spherical aggregates that enclose pyrite or organic mat-
ter. A little late haggite, generally closely associated with the
earlier haggite, seems to have been deposited after uraninite.

Grantsite is a newly described vanadium-bearing mineral
of the intermediate or "corvusite" stage of oxidation (Weeks,
Lindberg, and Meyrowitz, 1961). It typically forms clusters
of soft, dark olive-green to greenish black fibers and blades
with pearly to subadamantine luster. Grantsite was originally
found as fibrous aggregates on fracture surfaces at The Ana-
conda Company's F-33 mine.

Fluorite is present in only a few of the Todilto deposits and
absent in deposits that contain appreciable amounts of
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Table 5.--Authigenic minerals in deposits in the Todilto Limestone

Sun and Weber, 1955

Weeks, 1956a

Sun and Weber, 1958

Weeks, Lindberg, Meyrowitz, 1961

Uraninite, l]'O2

Coffinite, "(51%)1"‘(“”1;;:

Gummit

Carnotite, K,(U0,),(V0, ) . 1-38 0---=- S —
Tywammite, Ca(U0,),(V0,),.5-8H,0-ncmcmenen s
Metatyuyamunite, c;(uoa)etvohja. 3~58,0=mmmmmere
Uranophane Ce(w2)25103(u1)2. SH,0-enmmmmmnnenes
Beta-uranotile, Cn{m2)2(5103)2(m)2.5520. ......

Sklodowskite, Mg(uoz}2(5103)2(01)2.6520---------
Cuprosklodowskite, Cu(002J2(8103}2((E]2. SH,0-===

Paramontroseite, V.0,
Hagglte, \'203.V20h.3520
V-clay
Grantsite, 2Na,0.Ca0.V,0). 5\'205. 8320——-—--.- -----

Santafeite,

Hewettite, Cavsols. 9120

Pascoite, 013\’10028. 161120

Fluorite, CaF 5

Pyrite, Fa82--

Marcasite, FeS

2
Galena, FbS

Chalcopyrite, {.‘ull"teS2

Barite, B.aS('.}ll

Cryptomelane, K,0.MnO. Bmoa. OB Ouesanuanmmmnncna

Psilomelane, nhmﬂmaoeo

Manganese oxides

Hematite, Feaos--

»¢| Gruner, Towle, Gardiner, 1951
»¢| Towle and Rapaport, 1952

»¢| Rapaport; 1952

4| Gruner, Gardiner, Smith, 1954
> | Laverty and Gross, 1956

T

LT

»| Gabelman, 1956a

= 3| Hilpert and Corey, 1955

MO M M M M

| Weeks, 1956b
< | Weeks and Truesdell, 1958a

= | Weeks and Truesdell, 1956b

¢ 2| Moench and Schlee, 1959
»4 4| Thaden and Santos, 1959

>4 4| Truesdell and Weeks, 1960

MoH M M

»< 4| Moench, written communication, 1963

»

1/ A new mineral, later named santafeite, was misidentified as ardennite by Sun and Weber (1955).
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coffinite, vanadium minerals, or early pyrite (Laverty and
Gross). Where present, most of the fluorite was emplaced
before the uranium minerals but following a partial recrystal-
lization of the limestone. Fluorite completely replaced some
susceptible layers in the limestone and partly replaced others.
Most of the fluorite is fine-grained and dark purple, but some
is clear (Rapaport).

Galena, pyrite, and marcasite are the only sulfide minerals
recognized in the Todilto deposits. Fine-grained cubes of
galena were deposited during and after uraninite and coffinite,
and replace early pyrite and haggite. Early pyrite is corroded
and replaced by other minerals, whereas the more prevalent
late pyrite occurs in solution cavities and fractures or as a
partial replacement of detrital grains such as quartz. All
marcasite seems to be late.

Calcite of the limestone is extensively recrystallized along
fractures, bedding planes, and solution cavities in and near ore
deposits. Coarser-grained calcite formed at several periods and is
both earlier and later than most other minerals. Any fractured,
early-formed mineral is likely to be filled, and even partly
replaced, by calcite.

Fine-grained red hematite is common in uraninite-bearing
zones, and Truesdell and Weeks noted specular hematite
associated with vanadium clay in some specimens. Hematite
pseudormorphs after pyrite are present in oxidized parts of the
deposits (Laverty and Gross).

Barite is associated with the unoxidized minerals (Laverty
and Gross; Truesdell and Weeks). Rapaport believed that
blades and clusters of clove-brown resinous barite, found
chiefly in veinlets but also disseminated in the host rocks, is
perhaps the most characteristic accessory mineral in the ore.

OXIDIZED ENVIRONMENT

Many of the Todilto deposits are either exposed at the
outcrop, overlain by alluvium and eluvium, or are overlain
by only a few feet of Summerville Formation. Oxidized min-
erals, therefore, are the dominant minerals found in many of
the near-surface deposits. Since these are mostly premining
minerals, yet have not moved any great distance under
weathering conditions, it is obvious that they are relatively
insoluble in normal meteoric and ground waters.

The descriptions of Todilto ores commonly list the oxidized
minerals, but there are few detailed accounts of the mineral
occurrences. It is known, however, that most of the oxidized
minerals fill or coat the walls of fractures and bedding plane
joints, and occupy solution cavities associated with coarse-
grained calcite.

Santafeite, a black vanadate containing appreciable man-
ganese, was found near Grants in 1951 and named in 1958
(Sun and Weber, 1958). It occurs as a very brittle subadaman-
tine mineral intergrown with calcite and forms small rosettes
of acicular crystals on joint surfaces at the outcrop of the
Todilto near Grants. It had previously (Sun and Weber, 1955)
been incorrectly identified as ardennite.

Carnotite was noted as a common secondary mineral in the
Todilto deposits by nearly all investigators up to 1956; after
that it was rarely mentioned. Although small amounts of car-
notite are probably present, tyuyamunite and metatyuyamu-
nite, which are quite common in the deposits, are much more
likely to form in an environment with abundant calcite than
in carnotite.

Sklodowskite and gummite were tentatively identified by J.
W. Gruner and reported by Rapaport; Gabelman later reported
the presence of sklodowskite crediting the reference to R. A.
Laverty. Sparse cuprosklodowskite crystals are reportedly
(Sun and Weber, 1955, 1958) present on some of the
santafeite crystals. This is the only copper-bearing mineral
known in any of the Todilto, Morrison, or Dakota deposits,
except in the Woodrow pipe at Laguna.

Uranophane is described by Rapaport as being the most
common uranium silicate in the deposits. It occurs in vugs
and open fractures as bundles and rosettes of bright yellow
acicular crystals as much as 0.5 inch long. Beta-uranotile is
also present but is reported to be quite rare.

Liebigite was noted by Weeks (1956a), but she provided no
details and very likely it was collected from a mine wall.

Various oxides containing manganese, in addition to santa-
feite, have been noted in the deposits. Some are reported
merely as manganese oxides, but J. W. Gruner (Rapaport)
identified black films and dendrites of psilomelane and cryp-
tomelane on fracture surfaces.

DEPOSITS IN THE DAKOTA SANDSTONE

Data on the authigenic mineralogy (table 6) of the uranium
deposits in the Dakota Sandstone are very few, and descrip-
tions of the occurrences are generally not recorded or lack
detail. Either primary unoxidized uranium minerals are quite
rare or no concerted effort was made to isolate and identify
them, since most geologists who have studied the deposits do
not refer to them.

The ore bodies occur either in carbonaceous shales in the
lower part of the Dakota Sandstone or in the closely associated
sandstone lenses. Most of the secondary minerals are found in
the sandstones, and there is some indication that they were
derived, in places, by weathering of the enclosing shales.

Uraninite, reportedly (Gabelman, 1956a), was abundant in
two ore bodies in sandstone below the oxidized zone at the
Diamond No. a mine a few miles southeast of Gallup.
Gabelman stated, however, that no primary uranium
minerals are visible where the uranium occurs in shale or
peat, and it is presumed that the uranium is adsorbed by the
carbon in these materials.

Among the secondary uranium minerals identified in de-
posits in the Dakota, carnotite and tyuyamunite-metatyuya-
munite seem to be the most abundant. These occur generally as
impregnations and joint fillings in the ore-bearing sandstones,
particularly near accumulations of carbonaceous trash
(Gabelman, 1956a). Meta-autunite and a variety of uranophane
have also been identified at the "Desanti" (probably Becenti)
mine (Gruner, Gardiner, and Smith), but details of the
occurrence are lacking. Associated with the secondary uranium
minerals are abundant limonite—both as disseminations and
fracture fillings—and gypsum, jarosite, and calcite.

The first level in the Church Rock mine near Gallup re-
portedly is developed in the Dakota Sandstone. The thickness
and character of the host sandstone suggest that it occurs in a
channel incised in the Brushy Basin Member of the Morrison
Formation, and, as such, it resembles the Jackpile sandstone.
Pascoite, red native selenium (?), and a zippeite-like mineral
(Frondel, p. 146) have been recognized on the walls of the
workings at this level, and, if they are in the Dakota
Sandstone, should be noted here.
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Table 6.--Authigenic minerals in deposits in the Dakota Sandstone
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SUMMARY

As stated in the introduction, there is considerable diversity
among the mineral assemblages from deposit to deposit in the
Grants mineral belt. There is also, however, an overriding
similarity among all the deposits, and it may be more infor-
mative, in summary, to consider these similarities than the
differences.

Primary unoxidized uranium in all the deposits occurs
principally as either coffinite or uraninite associated with
pyrite and generally with some type of organic material.
Other minerals that may or may not be present include mon-
troseite, fluorite, jordisite, and base-metal sulfides.

Oxidation of these primary minerals before mining and in
an environment with a low vanadium content can result in
the formation of uranium silicates or phosphates such as
uranophane and autunite. In such an environment, however,
it may be more common for most of the uranium to be
leached from the rocks.

If abundant vanadium is present under oxidizing condi-
tions, the uranium enters into uranium vanadate minerals,
such as carnotite and tyuyamunite, of low solubility. The ex-
cess vanadium or uranium is probably leached out of the
system.

In the oxidizing environment, such minerals as native
selenium, barite, calcite, gypsum, and cryptomelane may also
be formed.

After mining is commenced, oxidation is locally rapid, and
the ground-water and capillary solutions are likely to contain
at least local concentrations of such metals as uranium, vana-
dium, molybdenum, sodium, calcium, and iron with sulfate,
carbonate, and bicarbonate anions. These form a large variety

of evaporite or efflorescent minerals on the mine walls. Among
them, andersonite, zippeite, thenardite, pascoite, and ilsemannite
are probably the most common.
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